U.S.  Army 
Environmental 
Center 


Report  No.  SFIM-AEC-ET-CR-95041 


Ground  Penetrating  Radar 
for  Ordnance  Contaminated 
Site  Restoration 


14  March  1995 


Prepared  by  Battelle/The  Ohio  State  University  ElectroScience  Laboratory 


Distribution  Unlimited;  Approved  for  Public  Release 


AEC  Form  45,  1  Feb  93  replaces  THAMA  Form  45  which  is  obsolete. 


GROUND  PENETRATING  RADAR 
FOR  ORDNANCE  CONTAMINATED  SITE 
RESTORATION 


!  Accession  For  A 

NTIS  C 

;ra 

CTIC  TA& 

[j 

O 

5 

j-v;ed 

JlBtifiCc 

itiOi' 

....  •  . 1 

Rv 

Distribution  / 

A'. 

/3 llcbii-  >  ’ 

i 

Avail  ■: 

.  ■  !  0!‘ 

Dist 

Spa 

Cto! 

PH 

- 

1 

i _ - 

00  ^ 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


“Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports.  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22204^302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-01881,  Washington.  DC  20503. _ 


1.  AGENCY  USE  ONLY  (Leave  Blank) 


14  March  1995 


Final  Report  March  1993  -  March  1995 


Ground  Penetrating  Radar  for  Ordnance  Contaminated  Site  Restoration 


6.  AUTHOR(S) 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Explosive  Ordnance  Disposal  Technology  Division 
Project  Manager:  Gerard  Snyder  301/743-6855 
2008  Stump  Neck  Road 
Indian  Head,  Maryland  20640-5070 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Environmental  Center 

Project  Officer:  Kelly  Rigano  410/612-6868 

SFIM-AEC-ETP 

Aberdeen  Proving  Ground,  Maryland  21010-5401 


11.  SUPPLEMENTARY  NOTES 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 

SFIM-AEC-ET-CR-95041 


Supporting  Contractors: 


Battelle 

505  King  Avenue 
Columbus,  Ohio  43201 


The  Ohio  State  University  ElectroScience  Laboratory 
1320  Kinnear  Road 
Columbus,  Ohio  43212 


Contract  Number  N00174-93-C-0047 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Unlimited  Distribution 


13.  ABSTRACT  (Maximum  200  words) 


The  main  purpose  of  this  document  is  to  apply  ground  penetrating  radar  (GPR)  technology  to  the  problem  of  locating  and  identifying  buried  ordnance  at  military 
sites.  The  emphasis  of  the  research  applied  GPR  technology  to  an  airborne  system  that  will  allow  very  large  parcels  of  land  to  be  processed.  This  contract 
represents  one  portion  of  an  overall  U.S.  Government  program  to  clear  former  and  present  military  ordnance  ranges  of  all  unexploded  ordnance  and  other 
buried  devices  that  pose  a  threat  to  the  public. 


DTIC  QUALITY  CJCPBCTED  8 


14.  SUBJECT  TERMS 


15.  NUMBER  OF  PAGES 


Unexploded  Ordnance,  Detection  and  Identification,  Target  Discrimination,  Complex  Reconnaissance 


16.  PRICE  CODE 


17  SECURITY  CLASSIFICATI6N -  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 

OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 


Unclassified 


Unclassified 


Unclassified 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev  12-94) 
Prescribed  by  ANSI  Sta  239-1 8 
298-102 


Contents 


LO  Introduction .  1 

1.1  Background  .  1 

1.2  Report  Data .  2 

1.3  Report  Organization .  3 

2.0  Signal  Processing  . 4 

2. 1  Synthetic  Aperture  Radar  Processing .  4 

2.2  Target  Discrimination .  9 

2.3  Complex  Resonances  in  Distinct  Ground  Media  .  18 

2.4  Description  of  UXO’s  Studied  on  this  Effort  .  21 

2.5  Inert  Target  Measurements .  34 

2.6  Measurement  Methodology .  39 

3.0  SAR  Modeling .  44 

3.1  SAR  Simulation .  44 

3.2  Synthetic  Aperture  Radar  Processing . 60 

3.3  Results .  65 

3.4  Computer  Hardware  and  Software .  91 

3.5  SAR  Model  Fidelity .  92 

4.0  Antennas .  93 

4. 1  Antennas  Candidates  for  the  Airborne  Platform .  94 

4.2  Antenna  Resonances  and  Their  Influence  on  GPR  . 106 

4.3  References  for  Antennas  Section . 124 

5.0  Propagation . I25 

5.1  Soil  Attenuation . 123 

5.2  Interface  Loss . 126 

5.3  Refraction  Effects  . 135 

6.0  Resonance  Extraction  and  Target  Discrimination . 137 

6.1  Introduction . 137 

6.2  Extraction  of  Complex  Natural  Resonances  Using  Prony  Model . 139 

6.3  Time-Domain  Discrimination  Using  Complex  Natural  Resonances  . 174 

6.4  Summary . 193 

6.5  References  for  Resonance  Extraction  Section . 197 


i 


7.0  Receiver  Design . 200 

7.1  Radar  Architecture . 200 

7.2  System  Dynamic  Range . 203 

7.3  Brassboard  Prototype  Receiver  . 205 

7.4  Final  Receiver  Prototype  Candidates . 208 

7.5  Conclusion . 212 

8.0  Positioning  and  Navigation . 214 

9.0  RF  Safety  Levels . 218 

10.0  Literature  Review  . 221 

10.1  GPR  Subjects  Papers . 221 

10.2  SAR  Processing  of  Underground  Targets . 231 

10.3  Symposia  and  Reviews . 233 

10.4  References  for  Literature  Review  . 235 

11.0  Airborne  Platform  . 243 

11.1  UH-1  Helicopter  . 243 

11.2  Hot  Air  Balloon . 244 

11.3  Dirigible  . 244 

11.4  Cherry-Picker . 244 

12.0  Summary . 249 

13.0  Appendices  . A-l 

13.1  Appendix  A:  Numerical  Modeling  of  UXO’s  and  CNR  Extraction . A-l 

13.2  GPS  Error  Analysis . B-l 


ii 


Figures 


Figure  1  Two-Dimensional  view  of  the  synthetic  aperture .  5 

Figure  2  Three-Dimensional  view  of  the  synthetic  aperture .  7 


Figure  3  Drawing  depicting  the  pattern  from  the  vertical  dipole  and  the  resulting  SAR 


pattern  .  ° 

Figure  4  The  final  resolution  volume  formed  by  two  directions  of  travel  and 

bandwidth .  9 

Figure  5  Natural  resonances  of  bent  wire  with  variable  included  angle  (from  Mains 

and  Moffatt) .  13 

Figure  6  Natural  resonances  of  straight  and  swept  wing  aircraft  models  (from  Mains 

and  Moffatt) .  14 

Figure  7  Predictor-Correlator  methodology .  16 

Figure  8  Calculation  of  p'  for  the  straight  and  swept- wing  thin- wire  models  using  the 

resonances  of  the  straight- wing  model  (from  Mains  and  Moffatt) .  17 

Figure  9.  Photos  of  UXO’s  under  study .  23 

Figure  10.  Photos  of  UXO’s  under  study .  24 

Figure  11.  Penetration  depth  characteristics  of  UXO’s  of  different  weights .  25 

Figure  12.  Electrical  properties  of  soils  as  a  function  of  frequency .  26 

Figure  13.  3-D  model  of  UXO  2075 .  30 

Figure  14.  Backscatter  RCS  of  UXO  2075 .  31 

Figure  15.  Time  waveform  of  the  backscatter  field  from  UXO  2075 .  32 

Figure  16.  CNR’s  obtained  for  UXO  2075 .  32 

Figure  17.  Time-frequency  plot  of  magnitude  of  CNR’s  obtained  for  UXO  2075 .  33 

Figure  18.  Calculated  backscattered  RCS  of  conducting  cylinders  of  1  foot,  2  foot, 

and  3  foot  length  with  45  degrees  incident  angle .  35 

Figure  19.  Extracted  CNR’s  of  1  foot  cylinder .  35 

Figure  20.  Extracted  CNR’s  of  2  foot  cylinder .  36 

Figure  21.  Extracted  CNR’s  of  3  foot  cylinder .  38 

Figure  22  Buried  target  measurement  geometry . 43 

Figure  23  SAR  Image  using  the  Impulse  Model,  105  Frequency  Terms,  Sample 

Spacing  of  0.3  m.  [9614] .  46 

Figure  24  SAR  Simulation  using  the  Step-Frequency  Model,  105  Frequency  Terms, 

Sample  Spacing  of  0.3  m.  [9636]  .  46 

Figure  25  SAR  Simulation  Orientation  of  Targets  and  Antennas  .  48 

Figure  26  SAR  Geometry  .  50 

Figure  27  Specular  Surface  RCS  Comparison  .  59 


Figure  28  SAR  Image  for  a  Vertical  Antenna  with  No  Windowing  Functions.  [9633]  .  .  63 
Figure  29  SAR  Image  for  Vertical  Dipole  Antenna  with  Hanning  Windows.  [9632]  ...  63 


in 


Figure  30  SAR  Image  for  a  Vertical  Dipole  Antenna  using  Blackman-Harris  Windows. 

[9628]  .  64 

Figure  31  SAR  Image  for  Two  Point  Targets  in  Homogeneous  Soil  with  Dielectric 

Constant  of  16,  Conductivity  of  0.02  mho/m  [9608] .  67 

Figure  32  SAR  Image  1  m  Below  the  Surface  for  Two  Point  Targets  in  Homogeneous 

Soil  with  Dielectric  Constant  of  16,  Conductivity  of  0.02  mho/m  [9608]  .  67 

Figure  33  SAR  Image  for  Two  Point  Targets  in  Homogeneous  Soil  with  Dielectric 

Constant  of  25,  Conductivity  of  0.02  mho/m  [9609] .  68 

Figure  34  SAR  Image  1  m  Below  the  Surface  for  Two  Point  Targets  in  Homogeneous 

Soil  with  Dielectric  Constant  of  25,  Conductivity  of  0.02  mho/m  [9609]  .  68 

Figure  35  SAR  Image  of  Two  Point  Targets  in  Homogeneous  Soil  with  Conductivity  of 

0.01  mho/m  and  Dielectric  Constant  of  16  [9620] .  69 

Figure  36  SAR  Image  1  m  Below  the  Surface  in  Homogeneous  Soil  with  Conductivity 

of  0.01  mho/m  and  Dielectric  Constant  of  16  [9620]  .  69 

Figure  37  SAR  Image  of  Two  Point  Targets  in  Homogeneous  Soil  with  Conductivity  of 

0.05  mho/m  and  Dielectric  Constant  of  16  [9622] .  70 

Figure  38  SAR  Image  1  m  Below  the  Surface  of  Two  Point  Targets  in  Homogeneous 

Soil  with  Conductivity  of  0.05  mho/m  and  Dielectric  Constant  of  16  [9622]  ....  70 
Figure  39  SAR  Image  of  5  Point  Targets  at  Depths  of  0.5  m,  1.0  m,  1.5  m,  2.0  m, 

and  2.5  m  for  a  Vertical  Dipole  Antenna  [9629] .  71 

Figure  40  SAR  Image  for  Conducting  Sphere  of  Radius  0.01  m  [9623] .  73 

Figure  41  SAR  Image  for  Conducting  Sphere  with  Length  of  2  m  and  Radius  of  0.5  m 

[9610]  .  73 

Figure  42  Angle  of  Refraction  for  Energy  Scattered  from  a  Pixel  Below  the  Surface.  .  .  74 
Figure  43  La  is  the  length  of  the  Synthetic  Aperture  Required  to  get  a  Percentage,  a, 

of  the  Total  Energy  Scattered  Out  of  the  Ground .  75 

Figure  44  Length  of  Synthetic  Aperture,  /,  of  the  Maximum  Aperture  at  the  Surface.  .  .  75 

Figure  45  Length  of  Synthetic  Aperture  vs.  a,  n2=4,  d=l  m,  a=25  m .  76 

Figure  46  SAR  Image  of  Two  Point  Targets,  Length  of  Synthetic  Aperture=25  m 

[9619]  .  77 

Figure  47  SAR  Image  1  m  Below  the  Surface  of  Two  Point  Targets,  Length  of 

Synthetic  Aperture =25  m  [9619]  .  77 

Figure  48  SAR  Image  of  Two  Point  Targets,  Length  of  Synthetic  Aperture =55  m 

[9618]  .  78 

Figure  49  SAR  Image  1  m  Below  the  Surface  of  Two  Point  Targets,  Length  of 

Synthetic  Aperture=55  m  [9618]  .  78 

Figure  50  SAR  Image  of  Two  Point  Targets,  Length  of  Synthetic  Aperture=110  m. 

[9614]  .  79 

Figure  51  SAR  Image  1  m  Below  the  Surface  of  Two  Point  Targets,  Length  of 

Synthetic  Aperture =110  m.  [9614]  .  79 

Figure  52  SAR  Image  of  Two  Point  Targets,  Length  of  Synthetic  Aperture  =  150  m 

[9631]  .  80 

Figure  53  SAR  Image  1  m  Below  the  Surface  of  Two  Point  Targets,  Length  of 

Synthetic  Aperture=150  m  [9631]  .  80 


IV 


Figure  54  SAR  Image  with  Sample  Spacing  of  0.3  m.  [9614] .  82 

Figure  55  SAR  Image  at  lm  Below  the  Surface  with  Sample  Spacing  of  0.3  m.  [9614]  .  82 

Figure  56  SAR  Image  for  Sample  Spacing  of  0.6  m  [9624] .  83 

Figure  57  SAR  Image  at  1  m  Below  the  Surface,  Sample  Spacing  of  0.6  m  [9624]  ....  83 


Figure  59  SAR  Image  at  1  m  Below  the  Surface,  Sample  Spacing  of  1.2  m  [9626]  ....  84 

Figure  60  SAR  Image  for  Sample  Spacing  of  3  m  [9630] .  85 

Figure  61  SAR  Image  at  1  m  Below  the  Surface,  Sample  Spacing  of  3  m  [9630] .  85 

Figure  62  Full  Horizontal  Infinitessimal  Dipole  Antenna  [9614]  .  87 

Figure  63  Full  Vertical  Infinitessimal  Dipole  Antenna  [9615] .  87 

Figure  64  Horizontal  Infinitessimal  Dipole,  Limited  to  15°  to  75°  [9617]  .  88 

Figure  65.  Antenna  geometries . , .  95 

Figure  66.  Transmit  antennas  for  monopulse  schemes .  97 

Figure  67.  Gray  scale  map  for  cross  dipole  antenna  where  Zg~  Zc  over  a  3  foot  pipe 

3  feet  deep  in  clay .  98 

Figure  68.  Gray  scale  map  for  cross  dipole  antenna  where  Zg  ~  Zc  over  a  5  foot  pipe 

3  foot  deep  in  clay . 100 

Figure  69.  Crossed-dipole/slot  antenna . 101 

Figure  70.  Helical  with  3  vertical  dipoles . 102 

Figure  71.  Patterns  for  center  dipole  (receiver)  Figure  70 . 103 

Figure  72.  Vertical  monopulse  GPR  antenna . 105 

Figure  73.  Gray  scale  map  for  3  foot  pipe  in  trench  in  1  foot  of  clay . 107 

Figure  74.  Natural  resonances  as  a  function  of  antenna  position . 109 

Figure  75.  Gray  scale  map  of  Figure  74  after  first  resonance  is  removed . 110 

Figure  76.  Gray  scale  map  of  Figure  74  after  two  resonances  are  moved,  revealing  3 

foot  pipe  at  proper  depth  and  resonant  frequency . Ill 

Figure  77.  SAR  image  of  Figure  76 . 112 

Figure  78.  Antenna  resonance  illustration . 113 

Figure  79.  Elimination  of  resonances  via  complex  conjugate  matching . 114 

Figure  80.  Biconical  antenna  geometry . 115 

Figure  81.  Antenna  ringing  when  Zg  =  111,  4>  =  1°,  L  =  10  m,  vs  =  5  ns  doublet.  .  .  116 

Figure  82.  Antenna  ringing  when  Zg  =ZC,  <f>  =  1°,  L  =  10  m,  vs  =  5  ns  doublet.  ...  118 

Figure  83.  Antenna  ringing  when  Zg  =ZC,  tf>  =  39.23°,  L  =  10  m,  vs  =  5  ns 

doublet . 119 

Figure  84.  Voltage  across  Zg  for  $  =  0.1°,  L  =  1.5  m,  excited  by  a  5  ns  doublet  (1 

MHz  <  f  <  256  MHz  spectrum) . 121 

Figure  85.  Voltage  across  Zg  for  <j>  =  0.1°,  L  =  1.5  m,  excited  by  a  5  ns  doublet  (1 

MHz  <  f  <  512  MHz  spectrum) . 122 

Figure  86.  Voltage  across  Zg  for  <f>  =  0.1°,  L  =  1.5  m,  excited  by  a  5  ns  doublet  (1 

MHz  <  f  <  256  MHz  spectrum).  Zg  =  500  Q . 123 

Figure  87.  RCS  of  a  wire  in  a  lossy  earth . 127 

Figure  88.  Electrical  properties  of  soil  at  ESL  and  JPG . 128 

Figure  89.  Vertical  polarization.  Two-way  surface  transmission  coefficient . 129 

Figure  90.  Horizontal  polarization.  Two-way  surface  transmission  coefficient . 130 


v 


Figure  91.  Ratio  in  dB  of  vertical  to  horizontal  two-way  transmission . 132 

Figure  92.  Attenuation  constant  of  lossy  soils . 133 

Figure  93.  Ground  entrance  angle  versus  free  space  angle  for  various  dielectric 

constants . 136 

Figure  94  A  pair  of  complex  conjugate  poles,  (0.5±-j0.5),  on  the  Z-Plane . 143 

Figure  95  Locus  of  extracted  poles  as  a  function  of  the  sampling  rate . 144 

Figure  96  Effect  of  aliasing  on  the  extracted  frequency  and  damping  factor . 145 

Figure  97  The  aliasing  effect  in  multiple  CNR’s  signal  processing . 145 

Figure  98  The  calculated  residue . 146 

Figure  99  The  calculated  energy . 147 

Figure  100  The  extracted  CNR  from  data  of  different  lengths.  The  second  order 

Prony  model  was  used . 148 

Figure  101  The  extracted  CNR  from  data  of  different  length  in  zero  mean  white 

Gaussian  noise  with  SNR  of  10  dB,  At  of  10.243,  model  order  2 . 149 

Figure  102  The  extracted  CNR  variation  in  zero  Mean  white  Gaussian  noise  of 
different  SNR.  Twenty  noise  realizations  are  overlayed.  The  second  order 

Prony  model  was  used . 150 

Figure  103  The  averaged  CNR  from  twenty  noise  realizations.  The  second  order 

Prony  model  was  used . 151 

Figure  104  The  extracted  CNR  using  autocorrelated  data  in  the  presence  of  white 

noise  (twenty  realizations).  The  second  order  Prony  model  was  used . 152 

Figure  105  Pole  extraction  using  different  model  order . 156 

Figure  106  Poles  extracted  using  SVD  Prony  method  with  order  of  ten  and  50  data 

points . 157 

Figure  107  Poles  extracted  and  model  order  selection  from  a  noisy  signal . 158 

Figure  108  Reduction  of  pole  variance  by  choosing  the  right  number  (2  in  this  case)  of 

principal  eigenvectors . 160 

Figure  109  A  simulated  waveform  containing  two  damped  exponentials  excited  at 
different  time  positions.  The  residue  associated  with  each  CNR  is  1  and  2, 

respectively . 162 

Figure  110  Extracted  CNR’s  using  the  data  segment  between  0  ns  and  30  ns  and  the 

6th  order  Prony  model . 163 

Figure  111  Extracted  CNR’s  using  the  data  segment  between  5  and  30  ns  and  the 

fourth  order  Prony  model . 164 

Figure  112  Extracted  CNR’s  for  data  segment  between  0  and  30  ns  using  5  ns 

backward  running  window  and  the  fourth  order  Prony  model . 165 

Figure  113  Time-frequency  representation  of  CNR’s  for  data  segment  between  0  and 

30  ns  using  4  ns  forward  running  window  and  4th  order  Prony  model . 166 

Figure  114  Time-frequency  representation  of  CNR’s  for  data  segment  between  0  and 

30  ns  using  4  ns  forward  running  window  and  4th  order  Prony  model . 167 

Figure  115  The  waveform  to  be  processed  in  each  iteration  (solid  line)  overlayed  with 

the  original  waveform  (dotted  line)  using  the  IP  method . 169 

Figure  116  The  final  extracted  CNR’s  using  the  IP  method . 170 


vi 


Figure  117  The  waveform  to  be  processed  in  each  iteration  (solid  line)  overlayed  with 

the  original  waveform  (dotted  line)  using  the  IP  method . 172 

Figure  118  The  final  extracted  CNR’s  using  the  IP  method . 173 

Figure  1 19  Comparison  between  the  predicted  and  original  data.  The  data  contains 

poles  at  (-0.3e9,  0.3e9) . 176 

Figure  120  Discrimination  determination  in  the  presence  of  random  white  noise . 180 

Figure  121  The  correlation  coefficient  of  a  single  target  discrimination  for  different 
sampling/predicting  period,  T.  (a)  resonance  frequency=0.3  GHz,  (b)  resonance 

frequency=0.6  GHz . 181 

Figure  122  The  movement  of  pole  positions  in  the  complex  Z-plane  for  different 

sampling  rates . 183 

Figure  123  The  correlation  coefficient  for  incoherent  target  discrimination  for  different 
sampling/predicting  periods,  T.  The  measured  and  desired  CNR  in  the  second 

quadrature  of  complex  frequency  plane  are  also  shown  in  parentheses . 184 

Figure  124  The  correlation  coefficient  for  target  discrimination  with  two  resonances. 

The  measured  and  desired  CNR’s  in  the  second  quadrant  of  complex  frequency 

plane  are  also  shown  in  the  parentheses . 185 

Figure  125  The  degradation  of  correlation  coefficient  caused  by  the  existence  of  other 

resonances . 189 

Figure  126  Calculated  correlation  coefficient  with  (a)  frequency  error  in  rectangular 
and  polar  form,  (b)  attenuation  factor  in  these  forms.  The  data  are  sampled  and 

predicted  at  minimum  rates . 190 

Figure  127  Measured  waveforms  and  correlation  coefficients  of  1  foot  [(a),(b)],  2  foot 

[(c), (d)],  and  3  foot  [(e), (f)]  pipes . 192 

Figure  128  Photograph  of  Inert  2082 .  194 

Figure  129  Measured  waveforms  and  correlation  coefficients  of  Inert  2082.  The 

desired  target  is  the  3  foot  pipe . 195 

Figure  130  Block  diagram  of  the  preliminary  prototype . 207 

Figure  131  Architecture  of  a  microwave  channelized  receiver . 210 

Figure  132  Tapped-delay  line  time-domain  receiver  architecture.  Two  systems  are 
required,  one  for  the  I  (In-Phase)  channel  and  one  for  the  Q  (Quadrature-Phase) 

channel . 212 

Figure  133  Airborne-Based  Real-Time  cm-Level  GPS  Positioning  and  Navigation 

System . 216 

Figure  134  ANSI  E-field  safety  levels . 220 

Figure  135  Line  drawing  of  the  UH-1  helicopter . 245 

Figure  136  The  antennas  mounted  on  the  cherry-picker  bucket  at  Jefferson  Proving 

Ground . 247 

Figure  137  The  cherry-picker  extended  to  60  feet  above  the  surface  at  the  Jefferson 
Proving  Ground  demo.  The  saucer-shaped  GPS  antenna  is  on  a  pole  above  the 
bucket . 248 


vii 


Tables 


Table  1  Complex  Resonance  in  Sand  Calculations  for  Three  Long  Cylinders .  20 

Table  2.  List  of  UXO’s  under  study .  22 

Table  3.  Parallel  ( || )  and  perpendicular  (-1-)  normal  incidence  backscatter  RCS 

(dBsm)  of  different  UXO’s  at  100  MHz  and  300  MHz  in  free  space .  27 

Table  4.  The  dominant  CNR  of  UXO’s  in  free  space .  29 

Table  5.  The  dominant  CNR’s  of  pipes  in  free  space .  36 

Table  6  Matrix  of  experimental  data .  40 

Table  7  SAR  Simulation  Parameters .  45 

Table  8  Time  Domain/Frequency  Domain  Trade-Offs . 201 

Table  9  Step-Chirped  Receiver  Parts  List . 208 

Table  10  Frequency  Domain  Receiver  Parts  List . 211 

Table  11  Time  Multiplex  Receiver  Parts  List . 213 

Table  12  Position  Location  and  Navigation  Parts  List . 217 

Table  13  Estimated  Power  Density  Levels  for  Time  Domain  and  Frequency  Domain 

GPR’s . 220 

Table  14  Technologies  Critical  to  the  Success  of  Airborne  GPR . 250 

Table  15  Obstacles  to  the  Airborne  GPR  Solution . 251 


vm 


1.0  Introduction 


1.1  Background 

This  document  is  the  Final  Technical  Report  (CLIN  A016)  for  contract  N00174-93-C-0047 
between  the  Naval  Surface  Warfare  Center  (NSWC)  and  Battelle.  This  research  was  funded 
through  BAA-92-01  as  presented  by  NSWC  and  was  monitored  by  the  Naval  Explosive 
Ordnance  Disposal  Technology  Division  (NEODTECHDIV).  The  main  purpose  of  the 
contract  was  to  apply  ground  penetrating  radar  (GPR)  technology  to  the  problem  of  locating 
and  identifying  buried  ordnance  at  military  sites.  The  emphasis  of  the  research  applied  GPR 
technology  to  an  airborne  system  that  will  allow  very  large  parcels  of  land  to  be  processed. 
This  contract  represents  one  portion  of  an  overall  U.S.  government  program  to  clear  former 
and  present  military  ordnance  ranges  of  all  unexploded  ordnance  (UXO)  and  other  buried 
devices  that  pose  a  threat  to  the  public. 

This  report  summarizes  work  done  by  Battelle  and  the  only  subcontractor.  The  Ohio 
State  University  ElectroScience  Laboratory  (ESL). 

The  goal  of  this  first  phase  of  this  research  program  was  to  design  such  an  airborne 
radar  through  the  use  of  a  test-bed  GPR  system  that  provides  feed-back  concerning  the 
critical  parameters  that  include  data  rates,  antennas,  discrimination  algorithms,  and  total 
system  implementation.  The  second  phase  of  this  program  will  result  in  a  GPR  system 
prototype,  further  developed  using  lessons-leamed  from  the  first  phase,  capable  of  being 
flown  and  tested  under  field  conditions.  The  design  goal  for  the  system  is  that  it  be  capable 
of  acquiring  data  and  generating  maps  of  buried  ordnance  at  the  rate  of  approximately 
5  acres  per  hour  with  maximum  probability  of  detection  and  minimum  false  alarm  rate.  This 
document  contains  data  concerning  Phase  1  of  this  program.  This  phase  resulted  in  a  system 
design  based  on  a  test-bed  GPR  system  that  will  be  used  to  generate  actual  data  on  buried 
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ordnance  and  to  test  design  options.  During  the  second  phase  of  the  program,  the  design 
will  be  evolved  into  a  brassboard  prototype  capable  of  acquiring  data  from  a  height  of 
100  feet  or  higher  above  the  ground  and  processing  the  raw  data  into  maps  showing  the 
location  of  buried  ordnance  with  probabilities  assigned  to  each  location.  It  is  anticipated  that 
these  maps  will  be  combined  with  data  from  other  sensor  systems  for  the  purpose  of 
providing  increased  detection  probabilities  with  decreased  false  alarm  rates. 

1.2  Report  Data 

The  basis  for  the  design  data  described  in  this  document  was  the  System/Design  Trade 
Study  Report  (CLIN  A009)  submitted  to  NAVEODTECHDIY  in  March  1994  and  the 
Conceptual  Drawings  and  Associated  Lists  (CLIN  A011)  submitted  in  February  1995.  The 
design  items  submitted  to  trade-off  in  that  study  are  included  in  this  report  in  their  final 
design  form.  The  primary  items  presented  in  this  report  are  the  airborne  platform,  the  GPR 
antenna,  the  receiver  architecture,  signal  processing,  and  navigation  options.  Certainly  many 
subsystem  decisions  were  also  made  and  are  presented  here.  We  were  also  bound,  of 
course,  by  the  needs  and  assets  of  our  customers,  namely,  NAVEODTECHDIV  and  the 
Army  Environmental  Center.  While  we  expended  considerable  time  and  energy  investigating 
receiver  architectures,  for  example,  the  follow-on  second  phase  of  this  program  is  a  system 
demonstration  program  and  therefore  is  not  funded  to  fabricate  and  test  our  high-speed 
receiver  described  below.  Instead,  we  will  use  an  existing  ESL  stepped-chirp  radar.  We  did 
not  investigate  navigation  and  positioning  information  systems  as  part  of  this  task.  As  part  of 
another  program,  however,  we  worked  with  the  Ohio  State  University  Center  for  Mapping 
(CFM).  As  part  of  that  study,  for  PRC  Inc.  and  NAVEODTECHDIV,  CFM  investigated 
options  for  optimum  navigation  and  positioning  of  an  airborne  GPR  system.  In  the  follow-on 
effort,  CFM  will  be  providing  the  navigation  and  positioning  information.  A  design  drawing 
and  components  list  of  the  navigation  system  is  also  included  in  this  document. 
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1.3  Report  Organization 

This  report  is  divided  into  13  sections  with  this  Introduction  being  the  first.  Section  2.0 
presents  data  processing  methods  used  and  Section  3.0  provides  details  on  the  SAR 
simulation  that  was  developed  as  part  of  this  program.  Section  4.0  provides  details  on  the 
antennas  considered  and  Section  5.0  discusses  the  effects  of  soil  conditions  on  underground 
radar  propagation.  Section  6.0  provides  information  on  our  techniques  for  extracting 
complex  resonances  from  radar  data  and  examples  of  such  extraction  on  data  generated  on 
this  program.  Section  7.0  summarizes  our  findings  on  GPR  receiver  design  alternatives  and 
includes  our  recommendations.  Section  8.0  includes  information  on  positioning  and 
navigation  necessary  for  the  airborne  GPR.  Section  9.0  provides  a  short  discussion  of  RF 
safety  levels  with  regard  to  GPR  systems.  Section  10.0  comprises  information  compiled 
during  the  literature  review  conducted  as  part  of  this  program.  Section  11.0  includes 
information  on  airborne  platforms  from  the  airborne  GPR  perspective.  Section  12.0  provides 
a  summary  of  the  report  and  the  program.  An  Appendix  is  included  as  Section  13.0. 
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2.0  Signal  Processing 


This  section  briefly  explains  two  of  the  critical  signal  processing  procedures  we  will  use  to 
detect  objects  and  then  to  discriminate  between  clutter  objects  and  target  objects.  Synthetic 
Aperture  Radar  (SAR)  processing  is  used  to  aid  in  detection.  Target  discrimination  is 
achieved  by  exploiting  the  complex  natural  resonance  frequencies  of  known  ordnance  items. 
Both  of  these  topics  are  examined  in  more  detail  in  subsequent  chapters. 

2.1  Synthetic  Aperture  Radar  Processing 

One  very  important  factor  in  the  airborne  GPR  system  is  the  antenna  beam  width.  Because  of 
the  low  frequencies  being  used  (and  their  accompanying  large  wavelengths),  the  antenna  gain 
will  be  small  and  the  main  beam  will  be  very  wide.  This  large  beam  causes  several 
problems,  namely,  the  gain  is  low,  return  is  obtained  not  only  from  a  target  of  interest  but 
also  from  clutter  and  other  targets,  and  if  a  target  is  identified,  its  position  is  not  known  with 
much  precision. 

Relatively  low  frequencies  are  used  because  of  the  requirements  of  the  target 
discrimination  techniques  used  (explained  in  detail  in  Section  6.0)  and  because  lower 
frequencies  have  better  propagation  properties  in  the  ground  (explained  in  Section  5.0). 
Frequencies  between  50  and  500  MHz  are  used  with  our  proposed  system.  The  percentage 
bandwidth  used  is  100  percent,  that  is,  nearly  500  MHz  information  bandwidth  centered  at 
250  MHz. 
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Because  of  the  enormous  percentage  bandwidth  involved  with  this  UWB  radar,  antenna 
patterns  are  difficult  to  define  and  describe.  However,  because  of  the  small  aperture  at  the 
lower  frequencies,  we  know  that  the  gain  will  be  small  and  the  main  beam  will  be  large. 

SAR  processing  can  be  used  to  lessen  the  effects  of  using  low  frequencies.  Figure  1 
shows  the  helicopter  moving  across  a  large  distance  and  what  its  wide  beamwidth  looks  like 
at  each  position.  If  the  data  from  many  positions  across  this  distance  are  processed  together 
in  the  proper  way,  the  effective  synthetic  aperture  of  the  system  can  be  much  larger,  the 
antenna  gain  is  increased,  and  the  main  beam  becomes  smaller.  The  processing  is  done 
continuously  and  many  smaller  beams  are  processed  where  only  one  existed  before  this  SAR 
processing  step. 

The  relationship  between  aperture  and  beam  size  is  completely  analogous  to  Fourier 
transform  processing  in  the  time  and  frequency  domains.  In  the  case  of  a  short  pulse  in  the 
time  domain,  the  frequency  domain  spectrum  of  the  system  must  be  wide  (large  bandwidth). 


Synthetic  Aperture 


Figure  1  Two-Dimensional  view  of  the  synthetic  aperture. 
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In  this  analogy,  the  aperture  corresponds  to  the  frequency  domain  spectrum  and  the  beam 
corresponds  to  the  time-domain  pulse.  The  wider  the  spectrum,  the  narrower  the  pulse.  The 
wider  the  aperture,  the  narrower  the  beam  width. 

Note  that  the  antenna  beam  in  Figure  1  is  actually  three-dimensional.  It  is  wide 
coming  out  of  the  paper.  In  Figure  1,  the  synthetic  beam  shown  in  the  center  is  narrow  from 
left  to  right  but  still  wide  coming  in  and  out  of  the  paper. 

Figure  2  attempts  to  depict  the  three-dimensional  nature  of  that  synthetic  beam.  For 
the  helicopter  flying  to  the  right  and  slightly  out  of  the  paper,  the  three-dimensional  beam  is 
orthogonal  to  the  direction  of  flight.  The  ground  is  not  shown  but  it  can  be  any  place  within 
the  beam.  The  beam  actually  defines  a  volume.  Figure  2  shows  the  way  range  resolution  is 
formed.  Range  resolution  cell  size  is  inversely  proportional  to  bandwidth.  The  wider  the 
bandwidth,  the  smaller  the  resolution  cell.  A  resolution  cell  formed  by  the  beam  and  by 
range  forms  a  volume  that  is  shaped  like  a  tube.  This  tube  will  actually  be  very  strangely 
shaped  in  the  airborne  GPR  because  of  the  presence  of  the  ground  and  resulting  refraction. 
This  drawing  does  not  go  into  that  detail. 

The  use  of  an  antenna  with  a  null  below  the  aircraft  (which  is  the  case  with  some  of 
the  antennas  described  in  Section  4.0)  does  not  alter  the  SAR  processing.  Less  energy  will 
be  directed  from  the  vertical  position  but  as  the  aircraft  moves,  this  effect  is  minimized 
because  each  voxel  in  the  ground  is  excited  when  the  aircraft  is  in  positions  where  the  voxel 
is  not  directly  below  the  aircraft.  The  voxel  still  influences  the  overall  process.  Figure  3 
depicts  the  vertical  antenna  pattern  and  synthesized  pattern. 

While  the  creation  of  this  smaller  resolution  cell  is  very  useful,  its  width  still  causes 
problems.  The  width  of  the  beam  can  be  decreased  in  a  similar  way  by  flying  the  helicopter 
in  an  orthogonal  direction,  as  depicted  in  Figure  4,  or  along  multiple  offset  paths  in  the  same 
direction.  The  same  SAR  processing  creates  a  large  aperture  in  this  orthogonal  direction 
with  its  corresponding  narrow  beams.  The  resolution  cell  is  no  longer  a  tube  but  some 
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strangely-shaped  cube-like  volume.  Through  these  three  processing  steps,  the  beam  size  has 
decreased  (increasing  the  gain)  and  the  resolution  cell  can  be  small  enough  to  place  a  UXO 
target  in  one  cell  and  a  problematical  clutter  object  in  another  cell.  In  fact,  the  helicopter 
does  not  need  to  fly  in  the  orthogonal  direction.  Instead,  the  data  acquired  while  flying  in 
the  single  direction  can  be  processed  in  the  orthogonal  direction  to  create  the  same  effect  of 
narrower  antenna  beams  in  the  orthogonal  direction. 

Section  3  presents  the  detailed  derivation  of  the  SAR  simulation  that  was  compiled 
during  the  course  of  this  effort.  Some  examples,  presenting  the  use  of  the  simulation  are 
included  with  the  derivation. 


Fan-Shaped 

Beam 

Orthogonal  to 
Direction  of 
Flight 


Range  Resolution 


Flight  Direction 


Tube  Defining 
Resolution  Cell 
from  Single  Pass 


Figure  2  Three-Dimensional  view  of  the  synthetic  aperture 
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Figure  3  Drawing  depicting  the  pattern  from  the  vertical  dipole  and  the  resulting  SAR 
pattern 
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2.2  Target  Discrimination 


This  section  describes  the  complex  natural  resonance-based  discrimination  procedures  in 
generic  terms.  It  is  described  in  more  detail  in  Section  6,  along  with  new  techniques  and 
analysis  developed  at  ESL  over  the  course  of  this  effort. 

Complex  natural  resonances  will  play  the  critical  role  in  discriminating  between  items 
of  interest  and  clutter.  Numerous  organizations  over  the  years  have  shown  systems  or 
techniques  with  the  ability  to  detect  objects  below  the  surface  using  GPR.  People  have 
generated  very  interesting  images  showing  an  object  below  the  surface.  Often,  however, 
they  have  not  been  able  to  say  whether  that  object  is  an  item  of  interest  or  debris  or  a  rock. 
Equally  important  as  detection,  then,  is  the  ability  to  discriminate  between  a  target  of  interest 
and  clutter.  In  any  discrimination  methodology,  one  needs  some  property  that  is  different  for 
a  target  of  interest  than  the  surrounding  clutter.  Researchers  at  Ohio  State  ESL  began  using 


Figure  4  The  final  resolution  volume  formed  by  two  directions  of  travel  and  bandwidth. 
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the  scattering  target’s  complex  natural  resonances  20  years  ago  as  the  unique  property  that 
can  be  exploited  to  discriminate  between  targets  of  interest  and  clutter.  These  complex 
resonances  function  much  as  finger  prints  do  to  aid  in  discrimination  between  individuals. 

An  excellent  introduction  into  the  complex  resonances  of  scattering  objects  was 
presented  by  Mains  and  Moffatt1;  a  short,  simplified  summary  of  portions  of  that  report  is 
included  here.  They  drew  an  analogy  between  circuit  theory  and  scattering  by  examining  the 
transfer  admittances,  Yt/s)  (i^j)  of  a  linear,  bilateral,  lumped,  passive  network  in  the 
complex  frequency,  s ,  domain.  They  cited  the  fact  that  for  this  type  of  network,  the  Y^s) 
expressions  all  contain  the  same  denominator,  say,  D(s).  The  admittances,  Y^s),  can  be 
written  as 

N.  (s) 

Y.Xs )  =  ,J  ,  for  all  i,  for  all  j , 

"  D(s)  J 

where  Nt/s)  is  the  numerator. 

The  function  D(s)  depends  only  on  the  lumped  elements  of  the  network  and  is 
independent  of  which  pair  of  ports  one  chooses  to  examine.  The  zeros  of  D(s)  are  the  poles 
of  all  of  the  Yrfs)  functions.  These  poles  are  the  complex  natural  resonances  of  this  network. 
Their  effects  are  seen  regardless  of  how  you  examine  the  network.  If  one  wanted  to 
discriminate  between  two  networks,  then,  a  measure  of  the  network’s  poles  offers  an 
excellent  discriminant,  regardless  of  which  two  ports  one  examined.  It  must  be  said  that  in 
some  cases,  for  a  given  i,j  pair,  a  zero  in  the  numerator  of  Y^s)  (the  numerator  changes  with 
aspect  angle)  could  cancel  the  effect  of  one  or  more  poles. 

The  analogy  to  circuit  theory  is  not  exact  but  the  case  is  made  by  Mains  and  Moffatt 
that  the  same  phenomenology  occurs  in  radar  target  scattering.  A  radar  target  can  be 


1  R.K.  Mains  and  D.L.  Moffatt,  “Complex  Natural  Resonances  of  an  Object  in  Detection  and 
Discrimination,”  The  Ohio  State  University  ElectroScience  Laboratory  Technical  Report  3424-1, 
prepared  for  Electronic  Systems  Division,  Hanscom  Field,  June  1974. 
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described  in  many  ways  but  one  way,  for  a  given  aspect  angle,  is  to  define  a  transfer 
function,  F(s),  in  the  complex  frequency  domain.  This  transfer  function  could  be  the  ratio  of 
the  scattered  to  the  incident  field,  for  example.  Such  an  expression  can  be  approximated  by 
a  rational  function  of  the  form 


F(c)  =  ao  +  ais  +  a2  s2+--+aMsM 

1+V  +  V2+***  +b„sN  ' 


(1) 


The  am  and  bn  are  chosen  to  achieve  a  best  fit  to  empirical  or  analytical  data  over  some 
frequency  range.  The  zeros  of  the  denominator,  which  is  similar  to  D(s),  described 
previously,  are  the  approximate  complex  natural  resonances  of  the  scattering  target.  Over 
the  years,  several  methods  have  been  proposed  to  find  these  resonances  of  known  targets. 

The  specific  means  of  obtaining  the  resonances  is  not  of  interest  here,  only  the  knowledge 
that  they  can  be  found  analytically  is  important. 

Two  properties  of  these  resonances  must  be  proved.  First,  they  must  be  aspect 
invariant;  their  values  should  be  nearly  constant  regardless  of  the  aspect  angle  of  the 
incoming  and  outgoing  radar  energy.  Second,  they  must  be  unique  for  a  given  target. 

Mains  and  Moffatt  investigated  the  invariance  of  the  resonances  with  aspect  angle  by 
changing  the  position  of  the  generator  on  a  thin- wire  model,  which  was  analyzed  using  the 
Moment  Method1.  They  found  that  the  positions  of  the  complex  resonances  changed  very 
little  as  the  position  was  moved.  For  some  aspect  angles,  some  resonances  were  not  found 
but  this  fact  was  consistent  with  the  fact  that  at  some  aspect  angles,  a  particular  resonance 
would  not  be  excited  by  an  incident  waveform  so  the  received  waveform  would  not  contain 
any  evidence  of  that  resonance.  Mains  and  Moffatt  also  presented  three  interesting  data  sets 
based  on  thin-wire  model  calculations.  Figure  5  shows  a  plot  of  the  complex  resonances  of  a 
bent  wire  structure  in  the  5-plane.  The  structure  is  shown  to  have  an  included  angle  of  2a 


1  The  Moment  Method  is  a  widely-accepted  and  widely-used  method  of  calculating  the  electromagnetic 
scattering  from  a  given  target  when  the  target  is  about  the  same  size  as  a  wavelength  or  smaller.  This  low 
frequency  method  is  useful  in  the  GPR  situation  because  high  frequency  energy  is  attenuated  in  the  ground. 
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and  the  plot  shows  the  movement  of  each  of  the  resonances  as  a  changes  from  5°  to  90°  (a 
straight  wire).  The  first  and  second  even  and  odd  mode  resonances  are  shown.  The  even 
modes  exhibit  an  even  number  of  sinusoidal  maxima;  the  odd  modes  exhibit  an  odd  number. 
The  abscissa  represents  the  normalized  real  part  of  the  complex  frequency.  All  complex 
resonances  (poles)  must  have  negative  real  parts  to  correspond  to  damped  sinusoids1.  The 
ordinate  axis  represents  the  normalized  imaginary  part  of  the  complex  frequency.  For  this 
simple  example,  it  is  clear  that  the  resonances  are  distinct  for  different  targets.  They  also 
provided  data  on  two  simple  wire  models  of  aircraft.  Their  data  are  reproduced  in  Figure  6. 
The  differences  in  the  configurations  of  the  two  aircraft  models  are  minimal  but  a  clear 
difference  exists  in  the  locations  of  some  of  the  complex  resonances.  The  lowest  frequency 
resonances  (in  the  bottom  right  corner  of  both  plots)  are  identical  because  they  are  associated 
with  the  overall  length  of  the  models.  The  next  two  lowest  resonances  are  clearly  in 
different  positions.  These  types  of  differences  provide  the  basis  for  discrimination. 

Predictor-Correlator  Discrimination  Procedure  Mains  and  Moffatt  also  presented  a 
discrimination  procedure  which  has  been  used  successfully  in  many  discrimination  problems. 
They  found  an  automated  method  for  discriminating  between  the  two  wire  models  of 
Figure  6,  for  example.  The  method  revolves  around  a  difference  equation  presented  by 
Corrington2.  The  difference  equation  is 

R(t)  =  £)  ( - 1  )i+1  Au. R(t  -  i  At).  (2) 

1=1 

This  equation  just  states  that,  given  the  right  coefficients,  a  point  on  the  transient  response 
curve,  R(t),  can  be  predicted  from  preceding  points.  Mains  and  Moffatt  also  gave  a  formula 
that  can  be  used  to  find  the  AM  i  in  terms  of  the  complex  resonances.  Given  a  measured  ramp 
response  of  some  unknown  target,  FRm(t),  (the  ramp  response  is  the  second  integral  of  the 


1  This  plot  appears  as  it  does  in  Mains  and  Moffatt’ s  report  and  is  in  error.  All  values  on  the  horizontal 
axis  should  be  negative,  i.e.  from  left  to  right  the  labels  should  be  -0.5,  -0.4,  ...,  -0.1,  0. 

2  M.S.  Corrington,  “Simplified  Calculation  of  Transient  Response,”  Proceedings  of  the  IEEE,  Vol.  53, 
No.  3,  March  1965,  pp.  287-292. 
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Natural  Resonances  of  Aircraft  Models 


Straight  and  Swept-Wing  Wire  Models 


Legend 

•  Straight  Wing 
X  Swept  Wing 


-0.5 


-0.4 


2  joL/nC 


ol/nC 


Figure  6  Natural  resonances  of  straight  and  swept  wing  aircraft  models  (from  Mains 
and  Moffatt). 
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impulse  response),  equation  (2)  shows  how  to  calculate  a  predicted  ramp  response,  FRC(t) 
using  the  complex  natural  resonances  (and  corresponding  AM  i)  of  some  known  target.  The 
function  FRC(t)  can  then  be  calculated  for  each  of  the  targets  for  which  the  are  known. 

A  measure  of  the  fidelity  of  each  of  these  predicted  ramp  responses  can  then  be  made  by 
comparing  each  calculated  ramp  response  to  the  original  measured  ramp  response.  One 
means  of  quantitatively  performing  this  comparison  is  described  below. 

Figure  7  depicts  the  predictor-correlator  methodology.  Prior  to  performing  any 
discrimination,  a  library  of  complex  resonances  of  possible  targets  must  be  compiled  through 
analytical  or  empirical  means.  In  the  discrimination  procedure,  a  measured  ramp  response  is 
tested  with  one  of  several  candidate  sets  of  complex  resonances  from  the  library.  First,  a 
predicted  ramp  response  is  generated  using  the  postulated  resonances  and  the  measured  ramp 
response.  If  the  postulated  complex  resonance  set  matches  the  target  associated  with  the 
measured  ramp  response,  FRm(t),  then  the  predicted  response,  FRC(t),  should  be  equivalent  to 
the  measured  response.  Mains  and  Moffatt  suggested  correlation  as  a  measure  of  the 
equivalency  of  the  two  waveforms.  This  correlation,  p' ,  is  given  by 

-  f»c("Aoi2 

io'(Ar)  =  1  -  -1 _ - _  (3) 

£[*■*„<«  AOP 

n 

where  p'  is  a  function  of  the  time  interval  At,  which  can  be  varied.  The  measured  and 
predicted  ramp  responses  will  be  equivalent  if  p'  is  unity,  which  indicates  the  measured  ramp 
response  waveform  matches  the  candidate  complex  resonance  set. 

Mains  and  Moffatt  tested  this  discrimination  technique  on  the  thin  wire  models  of 
Figure  6  (straight- wing  and  swept- wing  models).  The  results  are  given  in  Figure  8  for  radar 
return  from  two  aspect  angles.  These  plots  show  p'  plotted  as  a  function  of  (normalized)  At 
for  both  aircraft  models  when  the  complex  resonances  used  were  those  of  the  straight-wing 
model.  A  threshold  set  at  a  p'  value  of  0.75  would  insure  that  the  discrimination  technique 
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Figure  7  Predictor-Correlator  methodology. 

would  choose  the  straight-wing  model  as  the  correct  candidate.  Mains  and  Moffatt  present 
many  more  curves  for  different  aspect  angles  and  for  the  cases  where  the  swept-wing 
resonances  were  employed.  The  curves  presented  dramatic  confirmation  of  the  utility  of  this 
predictor-correlator  scheme  for  these  two  fairly  similar  targets. 

While  use  of  the  predictor-correlator  proved  successful,  other  techniques  could  be 
used.  The  important  aspect  of  the  preceding  discussion  is  the  confirmation  that  the  complex 
natural  resonances  are  a  useful  set  of  target  descriptors  that  are  both  unique  and  aspect 
invariant.  Specific  to  this  research  program,  it  is  important  to  note  that  these  resonances 
occur  at  frequencies  where  the  wavelength  is  on  the  order  of  the  size  of  the  scatterer.  For 
the  size  of  the  objects  of  interest  to  this  program,  these  frequencies  are  fairly  low.  The 
ability  to  rely  on  low  frequency  energy  is  fortunate  because  high  frequency  energy  is  greatly 
attenuated  in  the  ground.  The  frequency  of  the  resonances  are  dictated  by  the  target 
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geometry  (and  the  ground  media,  as  discussed  in  the  following  section).  Gross  length 
generally  determines  the  frequency  of  the  lowest  order  resonance.  This  size/resonance 
frequency  relationship  then  determines  the  frequency  range  that  the  GPR  must  use  if  this 
resonance  identification  scheme  is  to  be  applied.  The  size  of  the  largest  anticipated  UXO 
item  dictates  the  low  frequency  end  and  the  smallest  item  dictates  the  highest  required 
frequency. 


2.3  Complex  Resonances  in  Distinct  Ground  Media 


One  area  of  investigation  was  the  use  of  the  complex  resonances  using  experimental  and 
computer-generated  scattering  data.  As  part  of  this  analysis,  two  methods  for  predicting  the 
value  of  the  resonance  in  an  arbitrary  medium  were  investigated.  These  techniques  rely  on 
knowledge  of  the  resonance  values  in  free  space  and  the  constitutive  parameters  of  the 
medium.  One  method,  suggested  by  Carl  Baum1,  gives  the  new  complex  resonance  as 


s  =  -  —  +  l2  +  -h(0),~H 
“  2e  It  tr  a 


(4) 


where  sa  is  the  complex  resonance  in  the  arbitrary  medium,  sj0)  is  the  value  of  the  resonance 
in  free  space  and  t  is  equal  to  the  product  of  e0  (free  space)  and  er  (the  relative  dielectric 
constant  of  the  medium).  An  alternative  method  for  long  cylinders  was  suggested  by 
Dr.  Luen  Chan2  where 


a 


1 


0.0828 


7TC 

frL 


(5) 


1  Carl  E.  Baum,  “The  SEM  Representation  of  Scattering  from  Perfectly  Conducting  Targets  in  Simple 
Lossy  Media,”  Interaction  Note  492,  Published  by  Phillips  Laboratory,  Air  Force  Weapons  Laboratory, 
April  21,  1993. 

2  Luen  C.  Chan,  “Subsurface  Electromagnetic  Target  Characterization  and  Identification,”  Ph.D. 
Dissertation,  The  Ohio  State  University,  1979. 
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and 


0.925  c 

2Lfr 


(6) 


where  c  is  the  speed  of  light  in  free  space  and  L  is  the  length  of  the  cylinder.  Table  1  shows 
the  calculated  results  for  1  foot,  2  foot,  and  3  foot  cylinders  in  sand  using  the  two  methods. 
The  sand  resonance  values  were  calculated  using  free  space  Moment  Method  resonances  and 
Chan’s  and  Baum’s  equations.  They  can  be  compared  to  Moment  Method  data  calculated 
with  sand  as  the  surrounding  medium.  A  quick  analysis  shows  that  the  error  for  the  real  part 
of  the  complex  resonance  (a)  for  the  1  foot  cylinders  is  unreasonably  high  (60-80  percent). 
For  the  remaining  five  values,  the  average  of  the  absolute  error  is  about  18  percent  for 
Chan’s  equations  and  about  8  percent  for  Baum’s  equations. 
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Table  1  Complex  Resonance  in  Sand  Calculations  for  Three  Long  Cylinders. 
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2.4  Description  of  UXO's  Studied  on  this  Effort 


The  UXO  samples  studied  in  this  report  are  described  here.  They  weight  from 
0.55  lbs.  to  86  lbs.  Their  lengths  range  from  39  mm  to  1  m.  Table  2  lists  these  ordnance 
items  and  their  average  penetration  depth  characteristics.  These  data  were  prepared  by 
NEODTECHDIV  for  the  US  Army  Corps  of  Engineers  in  March,  1990.  Photographs  of 
most  of  these  UXO’s  are  also  shown  in  Figure  9  and  Figure  10.  If  one  plots  the  average 
penetration  depth  versus  weight  from  this  table,  the  results  are  plotted  in  Figure  11.  It  is 
clear  that  the  depth  is  approximately  proportional  to  the  weight  for  most  UXO’s  below 
20  lbs.  For  UXO’s  heavier  than  20  lbs,  the  depths  in  clay  are  greater  than  9  feet. 

From  the  data  of  Figure  12,  a  9  foot  depth  (total  travel  distance  18  feet)  and  a  loss  of 
33  mmhos/m  at  10  MHz,  the  attenuation  is  calculated  as  about  54  dB  using 


Attenuation  (dB)  =  20  log10  (  e  '  2 


) 


where  x  is  in  meters. 

SAR  processing  must  be  capable  of  separating  the  surface  clutter  from  the  UXO  item 
return  in  the  presence  of  this  54  dB  attenuation.  This  capability  will  be  influenced  by  the 
site  where  the  UXO’s  are  to  be  detected.  There  is  one  other  factor.  For  a  dielectric 
constant  of  16  (common  in  clay),  the  reflection  from  a  9  foot  deep  UXO  item  would  be 
delayed  72  ns  from  a  reflection  at  the  surface.  This  separation  allows  time  for  any  antenna 
resonance  remaining  to  be  damped  out  and  will  increase  the  likelihood  of  target  detection. 
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Table  2.  List  of  UXO’s  under  study 


Estimated  Target  Ordnance  Item  Depth  Characteristics 
(including  Dali  from  Range  Clearance  Technology  Assessment  Report1) 


NEODTC 
Inert 
Number 
(or  from 
Report) 

Description 

Approx. 

Aspect 

Ratio 

Weight 

in 

Pounds 

Depth  of  Penei 

tration  In  Feet 

Sandstone 

Sand  and 
Gravel 

Chalk 

Clay 

Avg 

Prob. 

Max 

Avg 

Prob. 

Max 

Avg 

Prob. 

Max 

Avg 

Prob. 

Max 

Report 

20  mm 

- 

0.25 

0  5 

05 

0.3 

0.6 

0.3 

mm 

05 

1.0 

2075 

30  mm 

4.9:1 

0.8 

mm 

mm 

0.3 

mm 

mm 

0.8 

El 

15 

2076 

40  mm 

2:1 

0.55 

0.1 

mm 

0.2 

05 

0.2 

05 

05 

0.8 

Report 

37  mm 

- 

Z0 

wrm 

0.6 

0.4 

0.8 

05 

0.9 

0.8 

15 

2077 

37  mm 

5.4:1 

3.051 

\  0.45 

0.9 

mm 

15 

0.75 

155 

15 

255 

2078 

60  mm 

4.8:1 

3.15 

mm 

05 

0.3 

0.7 

0.4 

0.8 

mm 

15 

2079 

81  mm 

3.5:1 

105 

05 

1.0 

05 

15 

1.1 

Z8 

Z8 

4.0 

2082 

USSR  160  mm 

7.5:1 

69 

4 

9 

8 

11 

10 

13 

12 

17 

2083 

2.75  in 

95:1 

17 

l 

2 

l 

3 

2 

4 

4 

6 

2084 

3  in 

4:1 

12 

0.8 

1.6 

0.8 

Z4 

1.6 

3  5 

35 

4.8 

2085 

7  mm 

4.1:1 

8.7 

05 

1 

05 

15 

1.1 

2.8 

25 

4 

2086 

155 

4.3:1 

80 

35 

8 

7 

to 

9 

11 

11 

15 

2087 

USSR  82 

4.1:1 

5.75 

0.4 

0.8 

05 

1Z 

0.7 

M 

1.1 

1J 

2088 

105  mm 

3.8:1 

14 

1 

2 

1 

3 

2 

4 

4 

6 

2089 

39 

sphere 

03 

0.2 

05 

0.3 

0j6 

0J 

0.6 

05 

1 

2090 

USSR  85  mm 

9:1 

25 

2 

3 

4 

6 

6 

9 

10 

13 

report 

155  mm 

- 

90 

4 

9 

8 

11 

10 

13 

12 

17 

report 

- 

- 

100 

H 

17 

■ 

19 

11 

19 

14 

25 

Notes: 

1.  “Range  Clearance  Technology  Assessment  (Revision  1)*\  Final  Report,  Table  2,  p.  2-14,  Prepared  by 
NEODTC  for  U.S.  Army  Corps  of  Engineers,  March  1990. 
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Figure  11.  Penetration  depth  characteristics  of  UXO’s  of  different  weights. 
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€r  values  for  topsoil,  clay  substrate,  and  a  desert  site 


a  values  for  topsoil,  clay  substrate,  and  a  desert  site 


Figure  12.  Electrical  properties  of  soils  as  a  function  of  frequency. 
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Polarization  Properties  of  UXO’s 

Most  UXO’s  under  consideration  here  have  elongated  shapes,  (i.e,  L/D  >  >  1).  This 
geometry  makes  them  electrically  polarized  targets.  Typically,  the  scattering  from  an  electric 
field  aligned  parallel  to  the  to  the  UXO’s  axis  is  at  least  20  dB  higher  than  the  orthogonal 
polarization,  at  GPR  frequencies.  This  scattering  property  of  UXO’s  is  very  different  from 
most  natural  GPR  clutter  sources  such  as  rocks  and  soil  layers.  Table  3  shows  the  calculated 
difference  of  backscatter  radar  cross  section  (RCS)  between  parallel  and  perpendicular 
polarizations  for  different  UXO’s  listed  in  Table  2.  Note  that  the  complete  calculated 
response  of  these  UXO’s,  for  frequencies  below  1  GHz,  can  also  be  found  in  Appendix  A. 

Table  3.  Parallel  ( || )  and  perpendicular  (j_)  normal  incidence  backscatter  RCS  (dBsm)  of 
different  UXO’s  at  100  MHz  and  300  MHz  in  free  space. 


No. 

||  RCS  100  MHz 

1  RCS  100  MHz 

||  RCS  300  MHz 

JL  RCS  300  MHz 

2075 

-40 

-69 

-17 

-50' 

2077 

-50 

-72 

-38 

-60 

2078 

-40 

-68 

-17 

-48 

2079 

-38 

-58 

-15 

-41 

2082 

+2 

-35 

-1 

-18 

2083 

-18 

-52 

-2 

-33 

2084 

-35 

-58 

-11 

-39 

2085 

-34 

-57 

-11 

-39 

2086 

-15 

-40 

-1 

-21 

2088 

-27 

-48 

-2 

-30 

2090 

-5 

-42 

-2 

-24 
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From  these  examples,  it  is  clear  that  radar  detection  and  identification  ability  is  strongly 
dependent  on  the  UXO’s  polarization.  This  polarization  property  of  these  UXO’s  also 
suggests  two  guiding  requirements  for  the  radar  designed  to  detect  and  identify  them: 

(1)  linear  polarized  antennas,  and  (2)  dual  polarization  capability.  Condition  (1)  can  optimize 
the  UXO’s  response  when  the  antenna’s  polarization  is  aligned  with  the  target.  Condition  (2) 
provides  complete  polarization  information  about  targets  and  also  avoids  the  low  target 
response  situation  when  the  polarization  of  a  single  antenna  is  orthogonal  to  a  UXO’s  axis. 

An  example  is  the  crossed-dipole  (or  crossed-slot)  antenna  arrangement  operated  in  both  co¬ 
polarization  and  cross-polarization  modes.  The  advantages  of  cross-polarization  mode  are  the 
reduction  of  antenna  mutual  coupling  and  reflections  from  the  layered  structure  such  as  the 
ground  surface. 

Longitudinal  Complex  Natural  Resonances 

When  the  UXO  is  excited  by  the  incoming  wave  from  the  radar,  there  will  be  an  induced 
current  flowing  on  the  surface.  The  physical  dimension  of  the  UXO  will  limit  the  current 
flow  and  force  it  to  bounce  back  and  forth  on  the  body,  that  is,  it  resonates.  Because  the 
current  is  continuously  radiating  while  it  is  flowing,  the  scattered  field  received  by  the  radar 
will  show  the  same  resonance  behavior.  This  type  of  resonance,  due  to  the  physical  nature 
of  the  target,  is  known  as  the  complex  natural  resonance  of  the  target.  Note  that  each  CNR 
has  both  a  resonance  frequency  and  a  damping  factor  which  are  closely  related  to  the  target’s 
dimensions  as  well  as  the  environmental  properties.  Therefore,  one  can  use  CNR’s  to 
identify  a  certain  desired  target.  As  mentioned  earlier,  most  UXO’s  of  interest  for  this  study 
have  an  elongated  shape  which  means  that  the  dominant  resonant  frequency  is  such  that  the 
UXO’s  length  is  about  one-half  wavelength.  The  damping  factor  is  also  related  to  the  L/D 
ratio  of  the  UXO.  Table  4  lists  the  dominant  CNR’s  of  the  UXO’s  under  study.  More 
information  can  also  be  found  in  Appendix  A.  One  can  see  from  this  table  that  the  longer 
the  UXO’s  the  lower  the  dominant  resonant  frequency.  Also,  the  higher  the  resonance 
frequencies  the  larger  the  damping  factor.  It  has  been  found  that  these  observations  hold  for 
most  situations. 
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Table  4.  The  dominant  CNR  of  UXO’s  in  free  space. 


UXO  Number 

Calculated  Resonance 

1  Measured  Resonance 

f(MHz) 

a  (1.0e9) 

f(MHz) 

a  (1 .0e9) 

2075 

450 

0.57 

457 

0.12 

2077 

640 

1.11 

**  * 

*  ** 

2078 

390 

0.48 

366 

0.23 

2079 

430 

0.61 

429 

0.46 

2082 

120 

0.12 

121 

0.10 

2083 

150 

0.22 

190 

0.16 

2084 

350 

0.64 

368 

0.18 

2085 

395 

0.64 

397 

0.40 

2086 

195 

0.32 

206 

0.11 

2088 

300 

0.49 

362 

0.39 

2090 

150 

0.16 

139 

0.07 

*  *  *  No  resonances  were  found. 


Signatures  of  UXO’s  via  CNR’s 

The  theoretical  CNR’s  of  each  UXO  considered  here  were  obtained  by  applying  the 
modified  SVD  Prony’s  method  (which  is  explained  in  detail  in  Section  6)  to  the  calculated 
responses  from  its  numerical  3-D  models  (see  Figure  13).  The  30  mm  UXO,  2075,  (see 
Figure  9),  is  used  here  as  an  example  to  show  how  to  find  its  CNR’s.  The  normal  incidence 
backscatter  RCS  for  both  polarizations  is  calculated  using  the  moment  method  for  a  body  of 
revolution  and  is  plotted  in  Figure  14.  By  doing  an  inverse  Fourier  transform  (IFFT),  one 
can  obtain  the  corresponding  time  response,  as  shown  in  Figure  15.  The  last  step  is  to 
process  the  obtained  waveform  to  find  the  CNR’s.  A  processing  package  has  been  developed 
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Numerical  Mod*  Foe  UXO  #2075 


Figure  13.  3-D  model  of  UXO  2075. 

in  this  project  to  perform  the  CNR’s  extraction  and  present  the  resultant  CNR’s,  which  can 
be  displayed  in  different  useful  formats:  (1)  time-frequency  plot  of  resonant  amplitude, 

(2)  time-frequency  plot  of  damping  factor,  (3)  frequency  versus  damping  factor,  and 
(4)  complex  pole  plot.  This  processing  package  is  developed  using  the  well-known 
commercial  signal  processing  package  MATLAB. 

Figure  16  shows  one  type  of  the  processed  output  where  the  CNR’s  are  plotted  in 
frequency  versus  damping  factor  coordinates.  Two  significant  resonances  corresponding  to 
the  first  and  second  resonant  modes  of  UXO  2075  were  found  in  this  case.  The  dominant 
resonance  usually  exhibits  a  smaller  damping  factor  and  lower  resonance  frequency.  The 
CNR’s  removed  waveform  (solid  line)  is  compared  with  the  original  waveform  (dotted  line) 
in  the  lower  figure.  A  flat  solid  line  indicates  a  good  prediction  of  the  original  waveform 
using  the  obtained  CNR’s.  Figure  17  plots  the  amplitude  of  each  CNR  as  function  of  time 
and  frequency  in  gray  scale.  It  is  clear  that  the  dominant  resonance  is  stronger  and  lasts 
longer  in  time.  The  CNR’s  of  other  UXO’s  under  consideration  were  obtained  in  the  same 
way  and  are  tabulated  in  Appendix  A. 
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Figure  15.  Time  waveform  of  the  backscatter  field  from  UXO  2075. 


CNR  of  UXO  2075  From  Calculated  Data,  L=6  NS=6(../UXO/tcp2075a90.dat) 


Re(s)*1e+9 


Figure  16.  CNR’s  obtained  for  UXO  2075. 
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Figure  17.  Time-frequency  plot  of  magnitude  of  CNR’s  obtained  for  UXO  2075. 
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2.5  Inert  Target  Measurements 


Finite  Length  Cylinder  Approximations 

Conducting  cylinders  are  good  approximations  for  most  of  the  UXO’s  in  the  study  of  their 
CNR’s.  This  approximation  provides  an  easier  way  to  predict  a  UXO’s  scattering  properties 
in  different  media.  Furthermore,  thin  wire  models  can  also  be  used  to  model  conducting 
cylinders  if  their  length  to  diameter  ratios  are  not  too  small.  For  the  data  in  this  section,  a 
thin-wire  computer  code  using  the  moment  method  was  applied  to  calculate  the  scattered 
fields  from  the  conducting  cylinders  and  then  the  CNR  information  was  extracted  from  these 
calculated  results.  Figure  18  shows  the  calculated  RCS  of  1  foot,  2  foot,  and  3  foot 
conducting  cylinders  in  free  space.  The  wires  are  tilted  at  45°  with  respect  to  the  incident 
waves.  The  “peaks”  in  these  responses  indicate  the  locations  of  possible  CNR’s.  Note  that, 
at  a  45°  incident  angle,  the  specular  reflection  will  not  be  received.  Therefore,  the  resonant 
fields  and  the  tip  diffractions  are  dominating  the  response.  The  CNR’s  of  these  cylinders  are 
extracted  from  the  corresponding  time  domain  response,  which  are  obtained  by  applying  the 
IFFT  to  the  frequency  domain  data.  The  calculated  CNR’s  with  resonance  frequencies  below 
1  GHz  are  shown  in  Figure  19,  Figure  20,  and  Figure  21.  All  the  CNR’s  are  fairly  stable 
due  to  that  fact  that  there  is  no  other  noise  or  clutter  signals  as  discussed  in  Section  6.0.  The 
comparison  of  the  first  CNR’s  between  the  calculated  data  and  the  measured  data  is  also 
shown  in  Table  5.  One  can  see  a  very  good  agreement  in  these  data. 
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Ceteuteted  RCS  of  45  Degree  Tilted  Pipes  in  Free  Space 


Frequency  (MHz) 


Figure  18.  Calculated  backscattered  RCS  of  conducting  cylinders  of  1  foot,  2  foot,  and 
3  foot  length  with  45  degrees  incident  angle. 


CNR  of  45-dagreo  1#  Wire,  U12.  NS«6  (pipe_«»lp1  _45_ttun.em) 


-1  -0.9  -0.8  -0.7  -0.6  -0.5  -0.4  -0.3  -02  -0.1  0 


Re(s)*1e+9 

l10-s  find  Pole  Removed  Wawfom 


10  12  14  16  18  20  22  24  26  28  30 

Time  (n») 


Figure  19.  Extracted  CNR’s  of  1  foot  cylinder 
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Figure  20.  Extracted  CNR’s  of  2  foot  cylinder. 


Table  5.  The  dominant  CNR’s  of  pipes  in  free  space. 


Measured  Resonance 


a  (1E9) 


F  (MHz) 


0.28 

0.17 

0.05 


439 

208 

137 
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Scattering  from  UXO’s 

As  stated  previously,  the  UXO’s  were  easily  modeled  due  to  their  circular  symmetry. 

A  body  of  revolution  code  using  the  moment  method  was  used  to  calculate  the  scattering 
fields  of  the  UXO  devices.  The  results  are  provided  in  Appendix  A.  The  next  step  was  to 
extract  the  CNR’s  of  the  UXO’s  from  these  calculated  data.  The  resultant  CNR’s  were 
provided  in  Table  4.  In  the  same  table,  the  first  order  CNR’s  extracted  from  the  measured 
data  with  all  UXO’s  in  free  space  are  also  listed  for  comparison.  The  “***”  indicates  that 
no  CNR’s  were  found.  This  lack  of  a  resonance  occurred  because  the  measurement  system 
frequency  band  is  below  500  MHz  and  the  resonance  for  this  target  is  above  500  MHz.  It  is 
clear  that  the  resonance  frequencies  found  from  the  measured  data  are  very  close  to  those 
obtained  from  the  calculated  ones,  whereas  the  damping  factors  a’s  show  greater  differences. 
It  is  well  known  that  the  damping  factor  is  a  sensitive  parameter  and  is  very  unstable 
compared  to  the  resonance  frequency.  This  sensitivity  can  be  understood  from  the  fact  that 
the  resonance  frequency  is  determined  by  the  zero-crossing  rate  and  the  damping  factor  is 
determined  by  the  waveform  amplitude  variation.  Therefore,  if  there  are  other  small  signals 
added  to  the  desired  resonance  signal,  the  zero-crossing  rate  will  not  change  much  but  the 
damping  factor  will  be  affected  more  significantly.  A  second  error  source  lies  in  the  fact 
that  the  body  of  revolution  code  has  less  accuracy  when  the  incident  wave  is  away  from  the 
head-on  direction.  This  lack  of  precision  could  also  cause  the  difference  between  the 
calculated  and  the  measured  data.  Note  that  the  first  order  resonance  frequency  is  mainly 
determined  by  the  UXO’s  length,  regardless  of  its  shape.  However,  different  shapes  will 
cause  different  damping  factors.  At  resonance,  the  length  of  a  UXO  is  about  one-half 
wavelength,  as  is  the  case  with  a  conducting  cylinder.  This  similarity  explains  why 
inert  2082  has  a  resonance  frequency  close  to  the  3  foot  cylinder  and  inert  2075  has  a 
resonance  close  to  that  of  a  1  foot  cylinder. 
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Frequency  (QHz) 
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2.6  Measurement  Methodology 


The  UXO  targets  and  other  metal  cylinders  were  measured  using  a  variety  of  GPR  antennas 
and  in  a  variety  of  soils.  Table  6  shows  a  summary  of  all  measurements.  For  each  target, 
the  code  indicates  the  antenna,  radar  system,  oreientation,  and  burial  depth.  There  are 
separate  columns  for  free  space,  sand,  and  clay  soil  media. 

As  shown  in  the  tables,  the  largest  set  of  data  was  acquired  using  a  sampling  scope, 
which  uses  a  time-domain  impulse  source.  Crossed-dipole  antennas  were  used  in  most  cases. 
These  antennas  have  20  dB  or  better  transmit-receive  isolation  than  same-sense  polarized 
antennas  and  they  sense  the  cross  polarized  echo  of  the  target.  The  crossed-polarized  return 
still  contains  all  characteristic  resonance  features  but  with  approximately  6  dB  less  excitation 
than  the  same-sense  antennas.  The  use  of  two  antenna  sizes,  namely,  1  foot  and  3  foot 
elements,  allows  us  to  sense  the  resonances  over  a  wider  range  of  frequencies. 

Figure  22  shows  a  diagram  of  the  measurement  setup  for  the  targets  buried  in  sand. 
The  impulse  generator  is  connected  to  the  transmitting  antenna  and  the  sampling  oscilloscope 
is  connected  to  the  orthogonal  receive  antenna.  The  antenna  is  positioned  on  the  flat  sand 
surface  directly  above  the  target  and  the  target  is  oriented  at  45  degrees  to  the  axis  of  the 
antennas.  After  the  target  was  measured,  the  antena  was  picked-up,  rotated  90  degrees,  and 
a  second  measurement  was  taken.  For  a  crossed-dipole,  the  target  echo  will  reverse  polarity 
in  this  situation,  but  antenna  coupling  and  non-coherent  surface  clutter  do  not.  Therefore, 
processing  of  the  data  included  subtracting  the  0  and  90  degree  data  to  double  the  target 
return  and  cancel-out  coupling  and  clutter. 

For  the  free  space  tests,  the  antenna  was  positioned  upside  down  above  the  ground  and 
the  targets  were  mounted  on  a  foam  support  directly  above  the  antenna.  The  target 
orientation  was  the  same  as  for  buried  targets.  In  the  free  space  measurements,  a  no-target 
waveform  was  recorded  first  and  then  this  error  energy  was  coherently  subtracted  from  all 
the  target  measurements  as  a  part  of  the  waveform  processing  before  calibration. 
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Table  6  Matrix  of  experimental  data. 


CODE:  SYSTEM  ANTENNA  QRIENTATION  DEPTH 


Free  Space 

Sand 

C 

lay 

Code 

File 

Code 

File 

Code 

File 

UXO2075 

S1M1 

3210 

SlMl 

3211 

S1M1 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2076 

S1M1 

3210 

SlMl 

3211 

S1M1 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2077 

S1M1 

3210 

SlMl 

3211 

S1M1 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2078 

S1M1 

3210 

SlMl 

3211 

S1M1 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2079 

S1M1 

3210 

SlMl 

3211 

S1M1 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2082 

SlMl 

3210 

SlMl 

3211 

S1M1 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2083 

SlMl 

3210 

SlMl 

3211 

SlMl 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

UXO2084 

SlMl 

3210 

SlMl 

3211 

SlMl 

3320 

SlMl 

3212 

S3M1 

3216 

S4M1 

3313 

S3M1 

3320 

S5M1 

3313 

D2M1 

3211 

F6O0 

4072 

SYSTEM 
S^=  Sampling  Scope 
D  =  Digitizer 
G  =  GPR  Box 
F  =  CW 

ANTENNA 

1  =  1'  Cross  Dipole 

2  =  3'  Green  Cross 

3  =  4'  Orange  Cross 

4  =  4'  Mono  Cancel 

5  =  4'  Mono  Bistatic 
6  =  8'  Rombic  On  Roof 

7  =  Slot-Dipole 

8  =  Cross-Slot 
9  =  Cross-Dipole 

ORIENTATION 
M  =  Normal  Incidence 
0  =  Offset 
S  =  Scan 

DEPTH 

(Units  =  feet) 
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Table  6.  Continued 


UXO2085 

S1M1 

S1M1 

S3M1 

S3M1 

3210 

3320 

3216 

3320 

SlMl 

S1M1 

S4M1 

S5M1 

D2M1 

3211 

3212 
3313 
3313 
3211 

UXO2086 

S1M1 

S1M1 

S3M1 

S3M1 

3210 

3320 

3216 

3320 

SlMl 

SlMl 

S4M1 

S5M1 

D2M1 

3211 

3212 
3313 
3313 
3211 

UXO2088 

S1M1 

S1M1 

S3M1 

S3M1 

3210 

3320 

3216 

3320 

SlMl 

SlMl 

S4M1 

S5M1 

D2M1 

3211 

3212 
3313 
3313 
3211 

UX02090 

S1M1 

S1M1 

S3M1 

S3M1 

3210 

3320 

3216 

3320 

SlMl 

SlMl 

S4M1 

S5M1 

D2M1 

3211 

3212 
3313 
3313 
3211 

1'  pipe 

S1M2 

S3M1 

D301 

D402 

3215 

3216 
3223 
3231 

D3M1 

SlMl 

D2M1 

D1M1 

S4M1 

S5M1 

SlMl 

5301 

5302 
F6O0 
F3M1 
F3M1 
F3M1 

3217 

3211 

3211 

3217 

3313 

3313 

3312 

3336 

4013 

4072 

4172 

4173 

4174 

G4M2 

G4M1 

G4M3 

G4M5 

3288 

3287 

3287 

3287 

2'  pipe 

S1M2 

S3M1 

S1M1 

D301 

D4M2 

D402 

3215 

3216 
3216 
3223 
3231 
3231 

D3M1 

D1M1 

S302 

S302 

F6O0 

F3M1 

3217 

3217 

3343 

4013 

4072 

4172 

G4M1 

G4M2 

D3M1 

3288 

3288 

3288 

SYSTEM 
S  =  Sampling  Scope 
D  =  Digitizer 
G  =  GPR  Box 
F  =  CW 

antenna 

1  =  1'  Cross  Dipole 

2  =  3'  Green  Cross 

3  =  4'  Orange  Cross 

4  =  4'  Mono  Cancel 

5  =  4'  Mono  Bistatic 
6  =  8'  Rombic  On  Roof 

7  =  Slot-Dipole 

8  =  Cross- Slot 
9  =  Cross-Dipole 

ORIENTATION 
M  =  Normal  Incidence 
0  =  Offset 
S  =  Scan 

DEPTH 

(Units  =  feet) 
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Table  6.  Continued 


3'  pipe 

S1M2 

S3M1 

S1M1 

D301 

D4M2 

D402 

3215 

3216 
3216 
3223 
3231 
3231 

D3M1 

D1M1 

S302 

F6O0 

3217 

3217 

4013 

4072 

G4M1 

G4M3 

G4M5 

3287 

3287 

3287 

5'  pipe 

G4M1 

G4M3 

G4M5 

3287 

3287 

3287 

2.5'  pipe 

D4M1 

D3M1 

D2M1 

3278 

3278 

3278 

3'  pipe  varying 
depth 

D5M* 

3232 

Trench 

G4S* 

G3S* 

a4244 

a4244 

G4M1 

3288 

Trihedral 

S301 

3341 

Trihedral 

S301 

3341 

Metal  Plate 

F3M1 

4188 

Plastic  Mine 

F3M1 

4188 

Metal  Sphere 

F3M1 

4188 

Wood  Block 

F3M1 

4188 

2’ log 

F3M1 

4188 

Rock  Block 

F3M1 

4188 

ESL  Pipe  Farm 

| 

G3S* 

G3S* 

G4S* 

G4S* 

G4S* 

G4S* 

G4S* 

G7S* 

G4S* 

G8S* 

G9S* 

G8S* 

G9S* 

G9S* 

G9S* 

G9S* 

a4189 

a4192 

a4194 

a4196 

a4220 

a4222 

a4272 

a4314 

a4321 

a5018 

a5018 

a5017 

a5029 

a5030 

a5031 

a5033 

ESL  Slant  Pipe 

G4S* 

G4S* 

G4S* 

a4199 

a4214 

a4228 

SYSTEM 
S  =  Sampling  Scope 
D  =  Digitizer 
G  =  GPR  Box 
F  =  CW 

ANTENNA 

1  =  1'  Cross  Dipole 

2  =  3'  Green  Cross 

3  =  4'  Orange  Cross 

4  =  4'  Mono  Cancel 

5  =  4'  Mono  Bistatic 
6  =  8'  Rombic  On  Roof 

7  =  Slot-Dipole 

8  =  Cross-Slot 
9  =  Cross-Dipole 

ORIENTATION 
M  =  Normal  Incidence 
0  =  Offset 
S  =  Scan 

DEPTH 
(Units  =  feet) 
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TARGET  BURIED 
AT  DEPTH  D 


Figure  22  Buried  target  measurement  geometry. 
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The  measurements  verified  that  conducting  cylinders  having  the  same  length-to-width 
ratio  as  the  UXO  targets  reproduce  the  same  characteristic  resonances  with  good  accuracy. 
Because  of  this  similarity,  we  did  not  bury  the  UXO  targets  in  clay  for  measurement.  There 
were  existing  cylinder  targets  buried  in  the  clay  since  1971;  these  cylinders  were  measured. 
Because  they  have  been  buried  so  long,  these  targets  will  not  have  nearly  as  strong  a  trench 
effect  return  as  for  recently  buried  targets.  The  data  from  the  cylinders  do  a  better  job  of 
simulating  data  from  UXO  targets  buried  years  ago,  in  our  opinion. 

The  targets  in  clay  were  measured  using  the  same  procedure  as  for  targets  in  sand. 

For  the  antennas  referenced  in  Table  6,  both  the  3  foot  green  and  4  foot  orange  are 
crossed-dipole  antennas  with  absorber  loading.  The  orange  antenna  was  manufactured  by 
M/A-COM  and  is  illustrated  in  Figure  22.  The  green  antenna  was  constructed  at  ESL  with 
antenna  elements  being  4  inch  wide  top  and  bottom  walls  of  a  rectangular  tube. 
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3.0  SAR  Modeling 


3.1  SAR  Simulation 

The  goal  of  the  SAR  Simulation  Program  is  to  simulate  the  response  of  an  airborne  synthetic 
aperture  ground  penetrating  radar.  If  we  can  accurately  model  the  responses  from  expected 
targets,  underground  clutter,  and  the  air-to-ground  interface,  we  can  predict  the  necessary 
dynamic  range,  synthetic  aperture  length,  system  sampling  rate,  and  other  system  variables 
required  for  a  real  system.  We  will  also  be  able  to  predict  the  effectiveness  of  a  GPR  given 
the  electrical  characteristics  of  the  soil.  Table  7  contains  a  list  of  the  variable  parameters  in 
the  SAR  Simulation  Program.  Section  3.5  on  page  92  discusses  model  fidelity. 

Description  of  the  System 

The  airborne  synthetic  aperture  radar  is  flying  straight  at  a  constant  velocity  v  and  altitude  h 
above  the  surface.  The  main  beam  of  the  antenna  is  pointed  normal  to  the  surface.  The  soil 
is  characterized  by  a  homogeneous  dielectric  constant  and  conductivity.  Relative 
permeability  is  1.  Conductivity  should  be  in  the  range  of  0.01  to  0.001  mhos/m.  The 
targets  below  the  surface  are  modeled  as  perfectly  conducting  small  ellipsoids,  large 
cylinders,  or  point  targets.  The  targets  may  be  oriented  in  any  direction.  The  transmitting 
and  receiving  antennas  may  be  either  horizontal  or  vertical  infinitessimal  dipoles. 

Impulse  and  Stepped-Frequency  Models 

The  SAR  Simulation  Program  models  two  types  of  synthetic  aperture  radar  systems:  an 
impulse  radar  and  a  step-frequency  radar. 

In  the  impulse  radar  model,  an  impulse  is  transmitted  at  each  position  of  the  radar. 
Each  impulse  is  modelled  as  N  frequencies  being  transmitted  simultaneously  at  each 
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transmission  point.  The  number  of  impulses  is  M.  M  is  determined  by  the  requirement  that 
the  spacing  between  samples  be  X/2  at  the  highest  transmitted  frequency,  500  MHz.  If  L  is 
the  length  of  the  synthetic  aperture,  or  the  distance  over  which  data  is  recorded,  M  is  equal 
to  U(W2). 

In  the  step-frequency  radar  model,  only  one  of  the  N  frequencies  from  50  MHz  to 
500  MHz  will  be  transmitted  at  each  position  of  the  radar.  The  frequencies  are  stepped 


through,  one  frequency  at  a  time,  as  the 
radar  moves  along  the  flight  path.  The 
sequence  of  frequencies  is  repeated  M  times 
for  a  given  image.  Using  the  step- 
frequency  model,  we  can  examine  the 
effects  of  changing  the  number  of 
frequencies  transmitted,  the  number  of 
times  a  given  frequency  is  transmitted  per 
image,  and  the  sampling  rate  or  spacing. 

The  impulse  model  and  the  step- 
frequency  model  are  fundamentally 
equivalent  when  the  number  of  impulses  in 
the  impulse  model  is  equal  to  the  number 
of  times  the  frequency  sequence  is  repeated 
in  the  step-frequency  model.  The 
bandwidth  and  number  of  frequencies  used 
in  each  model  must  also  be  the  same. 

Figure  23  and  Figure  24  show  examples  of 
the  SAR  simulation  of  an  impulse  system 
and  a  step-frequency  system,  respectively, 
for  point  targets. 


Table  7  SAR  Simulation  Parameters 


SAR  Simulation  Variables 

Impulse  Model  or  Step-Frequency  Model 
Source  and  Receiver  Polarization 
Windowing  Functions 
Radar  Velocity 
Radar  Altitude 

Soil  Parameters  (Homogeneous  only) 

Number  of  Frequencies 

Number  of  Samples  per  Frequency 

Sample  Spacing 

Length  of  Synthetic  Aperture 

Image  Size,  Position,  and  Pixel  Size 

Number  of  Targets 

Target  Position 

Target  Size  and  Shape  (sphere,  cylinder, 
ellipsoid,  or  point) 

Target  Orientation 
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Figure  23  SAR  Image  using  the  Impulse  Model,  105  Frequency  Terms,  Sample  Spacing  of  0.3  m.  [9614] 
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Figure  24  SAR  Simulation  using  the  Step-Frequency  Model,  105  Frequency  Terms,  Sample  Spacing  of  0.3 
m.  [9636] 
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Simulation  of  the  Radar  Response 

In  the  simulation,  we  must  first  simulate  the  response  of  the  system  to  the  ground,  the 
surface,  and  the  targets  below  the  surface.  To  construct  the  received  signal  the  response 
from  each  pixel  in  the  image  must  be  calculated  for  each  frequency  and  each  transmit/receive 
position.  The  only  pixels  from  which  there  will  be  a  response  are  those  on  the  surface  or 
those  containing  targets. 

The  transmitting  and  receiving  antennas  are  modeled  as  infinitessimal  horizontal  or 
vertical  dipoles  using  the  far  field  approximations.  The  polarization  of  the  incident  fields 
depends  on  the  orientation  of  the  transmitting  infinitessimal  dipole  antenna.  Infinitessimal 
dipoles  are  used  because  the  signal  returned  from  the  surface  is  calculated  for  an 
infinitessimal  dipole. 


Referring  to  Figure  24,  Figure  25,  the  dipole  antenna  may  be  parallel  to  x,  y,  or  z 
axis.  The  target  orientation  is  defined  by  the  angle  of  rotation  'k  about  the  target  local  z-axis 
and  the  angle  of  rotation  r?  that  the  axis  of  the  cylindrical  target  makes  with  the  target  local 
x-y  plane. 


The  transmitting  antenna  pattern  factor  for  the  vertical  infinitessimal  dipole  is: 


=  i«it  sin0 

™  4  it 

The  transmitting  antenna  pattern  factor  for  the  horizontal  infinitessimal  dipole  is: 


An  =  ^  ^  cos0  cos  <J) 

A  =  j£*Jt  sind, 

T<1)  471 


(9) 


(10) 
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An  and  Au  represent  the  components  that  are  parallel  and  perpendicular  to  the  plane  of 
incidence,  respectively.  0  is  the  plane  wave  angle  of  incidence  and  4>  is  the  angle  that  the 
horizontal  projection  of  the  plane  wave  propagation  vector  makes  with  the  horizontal  dipole. 


The  receiving  antenna  pattern  factor  for  the  vertical  infinitessimal  dipole  is: 

Ar6  =  sin0 

The  receiving  antenna  pattern  factor  for  the  horizontal  infinitessimal  dipole  is: 


(ID 


Figure  25  SAR  Simulation  Orientation  of  Targets  and  Antennas 
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Due  to  the  cross  polarization  terms  in  the  bistatic  scattering  function,  there  may  be  both  a 
vertically  and  horizontally  polarized  component  to  the  received  signal.  For  example,  if  the 
incident  field  is  vertically  polarized,  the  scattered  field  may  have  both  vertical  and  horizontal 
polarization  components.  Each  polarization  will  be  treated  separately  when  the  SAR  image  is 
constructed  from  the  raw  data  arrays. 

The  received  signal  s(m,n)  is  a  sum  of  the  responses  from  each  pixel  of  the  image  that 
contains  a  target  plus  the  return  from  the  surface,  m  is  the  radar  position  index  and  n  is  the 
frequency  index. 


s(m,n)  =  Smrface  +  £ 

all  targets 


„ -/V,  „  -i’Vi  e  p-iK* * 

W  sm  r2l(«s)  £_ i—  ajum 


r  +  r 
'l 


r3  +  r4 


(13) 


Tn,  T21  =  ratio  of  transmitted  electric  field  to  incident  electric  field  according  to 
Fresnel's  equation,  region  1  to  2  and  2  to  1,  respectively. 

•^surface  =  scattering  function  of  the  surface. 

$  target  =  scattering  function  of  the  target 
Ar  =  antenna  pattern  of  the  receiving  antenna. 

At  =  transmitting  antenna  pattern. 
kv  =  complex  propagation  constant  in  medium  1,  2 
rl  =  distance  from  the  transmitter  to  the  surface 
r2  =  distance  from  the  surface  to  the  target 
r3  =  distance  from  the  target  to  the  surface 
r4  =  distance  from  the  surface  to  the  receiver 
=  angles  of  incidence  in  medium  1 
02,<t>2  =  angles  of  refraction  in  medium  2 

63.4) 3  =  angles  of  scattering  in  medium  3 

64.4) 4  =  of  scattering  in  medium  4 
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Calculation  of  Range  and  Angle  of 
Incidence 

The  ranges,  r]t  r2,  r3,  and  r4,  (see  Figure  26) 
must  be  calculated  from  the  transmitter  to 
each  target  and  back  to  the  receiver  for  each 
sample  received.  The  angles  and  ranges  can 
be  calculated  from  the  soil  characteristics  and 
the  coordinates  of  the  transmitter,  receiver, 
and  each  target.  Let  (x!t  y,,  z,)  be  the 
coordinates  of  the  transmission  point  and  let  Figure  26  SAR  Geometry 
(x2,  y2,  z2)  be  the  coordinates  of  the  image 

point  (or  target  point),  r,  is  the  range  from  the  transmission  point  to  the  surface,  r2  is  the 
range  from  the  surface  to  the  image  point.  d{  is  the  plane  wave  angle  of  incidence  in  air  and 
02  is  the  angle  of  incidence  in  the  soil.  We  experimented  with  several  techniques  for 
calculating  the  ranges  in  each  medium  from  the  transmitting  antenna  to  the  image  point  and 
back  to  the  receiving  antenna.  The  following  method  is  from  Roy,  et  al.1  From  Snell’s 
Law, 


sin02 


sin0j 


(15) 


where 

0j  =  angle  of  incidence  in  medium  1 
02  =  angle  of  incidence  in  medium  2 


‘Roy,  S.,  R.S.  Berkowitz,  W.J.  Graham,  and  D.  Carlson,  “Applications  of  Subsurface 
Radar  for  Mine  Detection,”  Final  Report,  December  31,  1990,  Appendix. 
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V  (0j)  =  —  e,  +  sin2#!  +  (  e,  -  sin2#,  )2  +  (i^£  )2 

y/2  J  >1  ■' 

(17) 

er  =  relative  permittivity  of  medium  2 
o  =  conductivity  of  medium  2 
/  =  frequency  in  gigahertz 

From  the  geometry. 

x2  -  x1  =  y,tan  #,  -  y2  tan  #2 

(19) 

We  use  an  iterative  procedure  on  this  equation  and  Snell’s  Law  to  solve  for  #,, 

the  angle  #2  and  ranges  r,  and  r2: 

then  we  find 

r  .  * 

1  cos#. 

(20) 

r  -  .  "  * 

2  cos#2 

(21) 

A  similar  calculation  is  performed  to  find  r3,  r4,  #3  and  #4.  r3  is  the  range  from  the  image 

point  to  the  surface  and  r4  is  the  range  from  the  surface  to  the  receiver.  #3  is  the  angle  from 

which  the  plane  wave  is  scattered  from  the  target  in  the  soil  and  #4  is  the  angle  at  which  the 

scattered  plane  wave  propagates  in  air. 

Fresnel  Transmission  Coefficients 

The  Fresnel  transmission  coefficients  are  being  used  to  account  for  the  reflection/refraction  at 

the  air-to-soil  interface.  The  fields  are  approximated  as  plane  waves.  If  the  electric  field  is 

perpendicular  to  the  plane  of  incidence: 
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If  the  electric  field  is  parallel  to  the  plane  of  incidence: 

rl29  (6)  =  ^ (23) 

(ijfefcosO  +  H2^iv^2  ^i2sin20 

Similar  expressions  are  used  for  r21(0). 

Target  Scattering 

We  have  included  three  types  of  targets  in  the  SAR  Simulation:  isotropic  point  scatterers, 
small  ellipsoids,  and  large  cylinders. 

Isotropic  Point  Scatterer 

The  isotropic  point  scatterer  is  used  in  this  model  in  many  cases  to  compare  the  effects  of 
changing  parameters  of  the  model  without  worrying  about  the  effects  of  the  target  model. 

The  field  scattered  from  the  isotropic  point  scatterer  is  defined  in  this  simulation  as  10  dB 
less  than  the  incident  field.  This  ideal  scatterer  scatters  equally  in  all  directions.  The  value 
10  dB  was  an  estimate.  This  value  is  a  parameter  that  can  be  modified. 

Ellipsoids 

The  bistatic  scattering  of  an  ellipsoidal  target  is  found  by  considering  each  target  to  be  a 
perfectly  conducting  ellipsoid  with  axes  dimensions  of  2a,  2b,  and  2c.  If  a=b=c,  the  target 
is  a  sphere.  The  target  position,  dimensions,  and  orientation  can  be  varied.  The  bistatic 
scattering  depends  on  the  incident  and  scattered  angles  and  the  incident  polarization.  This, 
model  is  valid  when  the  target  is  small  compared  to  a  wavelength, 

ka<X  (24) 


52 


The  scattering  coefficients  for  the  electric  fields  for  perpendicularly  polarized  incident  fields 


are: 


StL  = 


[2]  h2  (  sin$cos0 'cos<j>  +  cos<£cos0 'sincf) '  +  cos$cos0sin$ ' 

I  — -  I  it  \  -  ~  r  '  z 


h+h 


(25) 


sin</>cos0cos<£ " 

TTT 


) 


5*i  = 


p  ^  sin <p  sin <£ '  +  cos<£  cos <t> '  +  cos<£  cos0  cos0  'cos$ 


(26) 


+ 


sin<£cos0cos0  'sin<£ ' 

7+7 


sin0sin0'  ^ 
7  +/.  ' 

a  0 


4,  and  Ic  are  the  ellipsoid  polarization  parameters,  dependent  on  the  dimensions  of  the 
target.  The  unprimed  angles,  0  and  0  ,  are  the  incident  plane  wave  angles.  The  primed 
angles  are  the  scattered  plane  wave  angles. 

The  scattering  coefficients  for  the  electric  fields  for  parallel  polarized  incident  fields 
are: 


s*r 


£2  ^  _  cos0cos$sin$'  +  cos0sin<£cos<£ ' 


sin0cos0  cos$ '  _  cos$cos0  'sin<£ " 


(27) 


4  +  '- 


7  +7 

a  c 


) 
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5e|- 


k 2  ( 


cosdcosfcosd '  co &(f> '  cos0  sin0  co s0  'sin <t> 


(28) 


^  sin0sin0 '  +  sin0  sin<£ '  +  cos4>cos<t> '  s 

j  r  r  r  T  ' 


h  +  L 


K+Ic 


Cylinders 

To  model  cylindrical  targets  whose  length,  h,  is  greater  than  a  wavelength  in  the  soil, 
we  calculate  the  scattering  coefficients  from  the  diffraction  cross  section  of  a  cylinder  for 
backscattering  only.  The  diffraction  scattering  model  is  valid  when  the  target  is  a  perfectly 
conducting  cylinder  and 


h  * 


2*2  ’ 


(29) 


where  n2  is  the  refractive  index  of  the  soil  and  \0  is  the  free  space  wavelength.  The  ratio  of 
the  scattered  electric  field  to  the  incident  electric  field  is  calculated  as  a  function  of  incident 
angle,  frequency,  and  ground  characteristics.  The  backscattered  field  is  a  function  of  the 
angle  0  that  the  incident  plane  wave  makes  with  the  long  axis  of  the  cylinder.  The  radius  of 
the  cylinder  is  a. 


The  backscattered  fields  for  a  cylinder  are  given  by  equations  (34)  and  (36).  These 
equations  appear  more  concise  if  the  following  constants  are  defined  (the  functions  J„  are 
Bessel  functions  of  the  first  kind  of  order  n): 
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c  = 

s  = 


SN  = 


CP  =  cos 

CM  =  cos 


CT  =  cos 


x  =  2ka  sin0 
y  =  2kh  cos 8 


(30) 


(31) 


(32) 


A.  =  «(!,(*)  -  /  J»)  5 

A+  =  a  (1,0c)  +  i  J»)  S  (33) 

B  =  da  SN  (J0(x)  +  i  J2(x)) 

Then  for  an  incident  electric  field  perpendicular  to  the  plane  of  incidence,  the  scattered  field 
is: 
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For  an  incident  electric  field  parallel  to  the  plane  of  incidence,  the  scattered  field  is: 


Surface  Scattering 

To  simulate  the  scattering  from  the  surface,  the  electric  field  at  the  point  of  the 
receiver  is  calculated  due  to  an  infinitessimal  dipole  at  the  point  of  the  transmitter  in  the 
presence  of  a  conducting  half  space. 

The  electric  field  at  the  receiver  due  to  the  scattering  at  the  surface  is  a  function  of  the 
radar  frequency,  ground  conductivity  and  permittivity,  radar  transmitter  and  receiver 
position,  and  orientation  of  the  dipole.  A  rigorous  and  exact  approach  to  the  scattering  from 
a  conducting  half-space  is  presented  by  Sommerfeld,  originally  in  several  papers  and 
subsequently  in  Volume  VI  of  the  books  Lectures  on  Theoretical  Physics  republished  in 
English  by  Academic  Press,  1964. 
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For  a  vertical  dipole  located  at  a  height  h  above  a  finitely  conducting  ground,  the 
Hertzian  potential  for  the  scattered  field  is  given  by 

irvm  =  =  Jo“  Fv(X)/0(Xp)e^+MJX 

where  z,  p  are  the  field  point  coordinates.  In  the  above  equation 

v  .  v^F, 


and 


Fv(\)  =  _  1 

v  esv+vg 

with  eg  =  the  complex  dielectric  constant  for  the  ground  and  kg  the  ground  wavenumber. 
From  the  Hertzian  potential  the  scattered  electric  and  magnetic  fields  can  be  obtained. 

A  direct  solution  of  the  complex  integral  for  the  scattered  field  Hertzian  potential  is  not 
possible,  and  thus  either  approximate  solutions  or  numerical  integration  must  be  used.  Either 
of  these  approaches  is  quite  complex  and  error  prone. 

For  an  x-directed  horizontal  dipole,  the  situation  is  more  complex  than  for  the  vertical 
dipole  since  the  Hertzian  potential  has  two  components,  both  an  x-directed  and  a  z-directed 
component.  Thus, 


with 

=  jf  FH(K)I0(Kp)e-^dK 


(41) 


with 
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(42) 


FH(k)  =  - 
v 


-1  ♦  t+v 


where  the  integration  path  w  is  not  along  the  real  axis  but  runs  from  -  oo  to  <»  in  the  complex 
plane.  The  z-directed  Hertzian  dipole  component  is  obtained  from  a  similar  expression 
involving  the  first  order  modified  Bessel  function,  Ij(j').  Again,  as  for  the  vertical  dipole, 
only  approximate  solutions  or  numerical  integration  can  be  used  to  obtain  actual  scattered 
field  values. 


A  numerical  solution  approach  to  the  Sommerfeld  integrals  (in  the  complex  plane)  has 
been  outlined  by  Miller,  et  al.,1, 2-2  3  and  previously  programmed  and  validated  at  Battelle. 
Although,  providing  essentially  exact  results  independent  of  dipole  height  to  wavelength 
relationships  or  ground  dielectric  constant  parameter,  the  numerical  computation  of  the 
Sommerfeld  integral  is  very  slow  and  thus  not  suitable  for  use  in  the  SAR  simulation  due  to 
the  excessive  computer  time  required.  Approximate  solutions  to  the  Sommerfeld  equations 
have  been  developed  by  Norton,4  and  others  which  are  computationally  very  efficient  and 
were  used  as  the  basis  for  the  surface  scattering  computations  in  the  SAR  simulations. 


Figure  27  provides  a  comparison  of  the  effective  total  specular  surface  return  as  an 
equivalent  radar  cross  section  computed  using  both  the  approximation  method  and  the  exact 
Sommerfeld  method  for  a  horizontal  dipole  antenna.  Good  agreement  is  achieved  between 
the  approximate  and  exact  solutions  with  the  approximate  solution  being  several  orders  of 
magnitude  faster  to  compute. 


1  Sommerfeld,  A.,  Lectures  in  Theoretical  Physics  —  Vol.  VI  —  Partial  Differential 
Equations,  pp.  246,  Academic  Press,  NY,  1964. 

2  Lytle,  R.J.  and  Lager,  D.L.,  “Numerical  Evaluation  of  Sommerfeld  Integrals”, 
Lawrence  Livermore  Laboratory,  RPT  UCRL-51688,  Oct.  1974. 

3  Miller,  E.K.,  et.al.,  Canadian  Jour,  of  Physics,  50,  pp.  879,  and  pp.  2614,  1972. 

4  Norton,  K.A.,  Proc.  IRE,  24,  #10,  pp.  1667,  1936)  and  25,  #9,  pp.  1203,  1937. 


58 


SPECULAR  SURFACE  RCS 

Smooth  Surface,  Epsilon=1 6+i0.01 


Altitude,  Feet 


Figure  27  Specular  Surface  RCS  Comparison 
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3.2  Synthetic  Aperture  Radar  Processing 


The  process  that  we  use  to  create  the  SAR  image  from  the  simulated  return  signal  is 
described  below.  First  we  will  describe  the  processing  of  the  data  for  the  impulse  model, 
then  the  procedure  used  in  the  step-frequency  model. 


Impulse  Model 

In  the  time  domain,  the  transmitted  signal  is  a  series  of  impulses  transmitted  at  times  t=tm, 
as  the  SAR  flies  over  the  targets.  The  transmitted  signal  is  represented  in  the 
frequency  domain  by  the  fourier  sum  of  N  frequencies: 


*(*-*.)  = 


N 


Nn  =  1 


(41) 


The  frequencies,  /„  ,  are 


fn=fmin  +  C*"1) 


N- 1 


(42) 


To  construct  the  SAR  image,  we  first  perform  the  SAR  phase  correction  on  the  frequency 
domain  return  signal  function,  s(m,n),  for  each  pixel  of  the  image,  i  indicates  the  row 
(depth)  and  j  indicates  the  column  (cross  range)  of  the  image: 


P(ij,n ) 


i-  £  s(m,n)  eJklR‘Jm 
M  m  =  1 


(43) 


where 
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(44) 


&2  ^2 

*^ijm  ~  ^1  ijm  +  T-  +  T-  *3(/m  +  *4 ijm 

Kl  K1 

M  is  the  number  of  impulses.  r]ijm  is  the  distance  from  the  transmitter  to  the  surface,  r2ijm  is 
the  distance  from  the  surface  to  the  pixel,  r3ijm  is  the  distance  from  the  pixel  to  the  surface, 
and  r4ijm  is  the  distance  from  the  surface  to  the  receiver.  To  get  the  image  value  for  each 
pixel  we  sum  over  the  frequency  index,  n.  This  is  equivalent  to  taking  the  t=0  term  in  the 
time  domain. 


P(iJ)  =  {,  £  P(iJ,n) 

N  «  =  1 

|  P(i,j)  | 2  is  plotted  in  dB  in  the  SAR  simulation  images  in  this  report. 


(45) 


Step-Frequency  Model 

The  step-frequency  model  simulates  a  radar  that  transmits  N  frequencies,  one  at  a  time  from 
fmin t0  fmax  as  it  moves  in  space.  The  transmission  of  the  N  frequencies  is  repeated  M  times 
over  the  aperture.  So,  using  the  step-frequency  model,  there  is  also  a  received  signal 
function,  s(m,n),  the  mth  reception  of  the  nth  frequency.  The  image  value  for  the  pixel  in 
the  z'th  row  and  yth  column  is: 


M 


N 


wj)  =  -  E  t,  E  eJkl*iJmn 


M  m  =  l  N  n  =  l 


(46) 


The  only  difference  between  the  Impulse  Model  processing  and  the  Step-Frequency  Model 
processing  is  that  in  the  Step-Frequency  Model  there  are  M  times  N  transmit  positions  for  the 
radar  and  M  times  N  receive  positions  for  the  radar.  Therefore,  additional  ranges,  Rijmn  , 
must  be  calculated. 
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Windowing  Functions 

Windowing  functions  have  been  applied  to  the  SAR  processing  to  reduce  the  sidelobes  in  the 
image.  With  no  windowing  functions,  which  is  equivalent  to  a  rectangular  window,  the 
image  in  Figure  28  is  created.  We  can  implement  a  Hanning  window  function  or  a 
Blackman-Harris  window  function  in  the  raw  data  processing.  The  Hanning  Window 
function  is 


w(m)  =  1  -  cos(^)  for  m=  0,1,2,3,...M-1  (47) 

M 

and  the  4-term  Blackman-Harris1  Window  with  sidelobes  at  -74  dB  is 


w(m )  =  a0  -  a1  cos(— m)  +  ^  cos(^2m)  -  a3  cos(-^-3 m)  (48) 

MM  M 


where 


a0  =  0.40217 
Oj  =  0.49703 
02  =  0.09392 
a3  =  0.00183 


(49) 


for  m=0,l,2,...A/-l. 


*F.  J.  Harris,  "On  the  Use  of  Windows  for  Harmonic  Analysis  with  the  Discrete  Fourier 
Transform,"  Proceedings  of  the  IEEE,  Vol.  66,  No.  1,  January  1978,  pp. 51-83. 


62 


I  I  l  i  i  i  i  I  i  I 

0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5 

cross  range  (meters) 


-60  -50  -40  -30  -20  -10  0  10  20 

dB 

Figure  28  SAR  Image  for  a  Vertical  Antenna  with  No  Windowing  Functions.  [9633] 


i  i  i  I  I  I  l  i  i  n 

0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5 


cross  range  (meters) 


-50  -40  -30  -20  -10  0  10  20 

dB 

Figure  29  SAR  Image  for  Vertical  Dipole  Antenna  with  Hanning  Windows.  [9632] 
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cross  range  (meters) 


-80  -70  -60  -50  -40  -30  -20  -10  0 
dB 

Figure  30  SAR  Image  for  a  Vertical  Dipole  Antenna  using  Blackman-Harris  Windows.  [9628] 
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We  use  the  window  functions  in  the  spatial  and  frequency  domain.  The  windowing 
reduces  the  sidelobes  due  to  the  surface  return,  allowing  the  lower  return  targets  to  be  seen. 
With  the  windowing  functions,  the  equation  for  the  image  becomes: 

M  N 

P(ij)  -  —  Y)  —  Y,  if(m-l)  w(n-l)  s{m,n)  (52) 

M  m  =  l  N  n  =  l 

w(m-l)  is  the  spatial  windowing  function,  w(n-l)  is  the  frequency  domain  windowing 
function.  Figure  28  shows  an  image  using  no  windowing  function.  Figure  29  shows  an 
image  using  the  Hanning  windows  and  Figure  30  shows  an  image  using  the  Blackman-Harris 
windows. 


3.3  Results 


Soil  Characteristics 

The  soil  is  characterized  in  the  SAR  Simulation  Program  as  a  homogeneous  medium  with  a 
dielectric  constant  and  a  conductivity.  To  examine  the  effects  of  increasing  the  soil  dielectric 
constant  compare  Figure  31  and  Figure  32,  which  show  the  results  for  a  soil  with  a  dielectric 
constant  of  16,  and  Figure  33  and  Figure  34,  which  show  the  results  for  a  soil  with  a 
dielectric  constant  of  25.  Increasing  the  dielectric  constant  alone  does  not  seem  to  affect  the 
result  by  much  except  to  increase  the  background  noise  in  the  image.  The  number  of 
frequencies  required  to  simulate  the  impulse  increased  from  109  in  Figure  31  to  116  in 
Figure  33. 

As  we  increase  the  conductivity,  targets  below  a  certain  depth  are  obscured.  Figure  35 
shows  an  image  where  the  conductivity  is  0.01  mho/m.  Figure  31  shows  an  image  where  the 
conductivity  is  0.02  mho/m.  Most  of  the  examples  shown  in  this  report  have  a  conductivity 
of  0.02  mho/m.  Figure  37  and  Figure  38  show  the  results  for  soil  with  a  conductivity  of 
0.05  mho/m.  Figure  38  shows  that  the  background  level  in  the  image  is  increasing  and 
targets  deeper  than  1.5  m  would  not  be  visible  under  these  conditions. 
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Figure  39  shows  the  image  for  5  targets  at  increasing  depths  in  soil  with  conductivity 
of  0.02  and  dielectric  constant  of  16.  As  the  targets  get  deeper,  they  are  more  difficult  to 
distinguish  from  the  increased  background  level. 
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Figure  33  SAR  Image  for  Two  Point  Targets  in  Homogeneous  Soil  with  Dielectric  Constant  of  25, 
Conductivity  of  0.02  mho/m  [9609] 


cross  range  (meters) 


Figure  34  SAR  Image  1  m  Below  the  Surface  for  Two  Point  Targets  in  Homogeneous  Soil  with  Dielectric 
Constant  of  25,  Conductivity  of  0.02  mho/m  [9609] 
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Figure  37  SAR  Image  of  Two  Point  Targets  in  Homogeneous  Soil  with  Conductivity  of  0.05  mho/m  and 
Dielectric  Constant  of  16  [9622] 


Figure  38  SAR  Image  1  m  Below  the  Surface  of  Two  Point  Targets  in  Homogeneous  Soil  with  Conductivity 
of  0.05  mho/m  and  Dielectric  Constant  of  16  [9622] 
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Figure  39  SAR  Image  of  5  Point  Targets  at  Depths  of  0.5  m,  1.0  m,  1.5  m,  2.0  m,  and  2.5  m  for  a 
Vertical  Dipole  Antenna  [9629] 


Target  Size 

Naturally,  increasing  a  conducting  target’s  size,  increases  the  ability  for  the  SAR  to  detect 
and  image  the  target.  Figure  40  shows  the  image  for  a  perfectly  conducting  sphere  of  radius 
0.01  m  using  the  Rayleigh  scattering  model.  The  sphere  is  centered  at  cross-range  2  m  and 
is  located  at  a  depth  of  -1  m.  The  sphere  is  only  5  dB  above  the  background  and  the  signal 
is  very  low.  Figure  41  shows  the  image  for  a  large  perfectly  conducting  cylinder  with  a 
length  of  2  m  and  radius  of  0.5  m.  The  cylinder  is  centered  at  cross-range  5  m  and  is  1  m 
deep.  It  is  positioned  as  shown  below.  The  diffraction  scattering  model  is  used  to  model 
target  scattering.  The  signal  is  strongest  from  the  bottom  of  the  cylinder.  The  cylinder  is 
lying  horizontally  in  the  ground.  The  dielectric  constant  is  16  and  the  conductivity  is 
0.02  mho/m  for  the  images  in  Figure  40  and  Figure  41. 
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Length  of  the  Synthetic  Aperture 

We  have  examined  what  the  length  of  the 
synthetic  aperture  should  be  for  an  image. 
Energy  scattered  from  a  pixel  below  the 
surface  will  be  refracted  due  to  the  change  in 
media  and  scattered  at  an  angle  04,  where 

04  =  sin'1  (— sin63)  (51) 
n. 


Figure  42  Angle  of  Refraction  for  Energy 
Scattered  from  a  Pixel  Below  the  Surface. 

and  03  is  the  angle  the  energy  is  scattered 
from  the  pixel  in  the  ground  (see  Figure  42). 

There  is  a  maximum  scattering  angle,  03max,  such  that  any  energy  scattered  from  the  pixel  at 
angles  greater  than  03max  will  be  scattered  parallel  to  the  surface  or  reflected  and  will  not  get 
out  of  the  ground. 


e*.  -  sin'1  (  £  )  (52) 

"2 

At  the  surface,  there  is  some  finite  maximum  aperture,  /,  through  which  the  energy  from  a 
pixel  will  pass  (see  Figure  44). 


I  -  2d  tan  8,^  (53) 

d  is  the  depth  of  the  pixel  below  the  surface.  To  get  all  of  the  energy  that  passes  through 
the  aperture,  /,  at  the  surface,  the  length  of  the  synthetic  aperture  in  free  space,  L,  would 
have  to  be  infinite.  However  to  get  a  percentage,  a,  of  the  aperture  at  the  surface,  the 
length  of  the  synthetic  aperture  must  be,  La,  (see  Figure  43) 
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(56) 


La  =  al  +  2  a  tan0r 
0,  =  sin'1  (  —  sin0  )  (57) 

«i 

0  =  tan'1  (-^)  (58) 

a 

Figure  45  shows  La  as  a  function  of  a  for  n2  =  4,  d— l  m,  and  a =25  m.  Figure  46, 

Figure  48,  Figure  50,  and  Figure  52  show  images  with  lengths  of  synthetic  apertures  of 
25  m,  55  m,  110  m  and  150  m,  respectively.  It  is  obvious  that  the  increased  synthetic 
aperture  length  increases  the  cross  range  resolution.  The  targets  are  -10  dB  point  targets  at 
cross  range  coordinates  of  2  m  and  3  m,  at  a  depth  of  1  m.  They  are  1  m  apart.  Again, 
n2  =  4,  and  a  =  25  m.  As  stated  previously,  the  value  -10  is  an  estimate  and  a  parameter 
that  can  be  modified. 


Figure  43  La  is  the  length  of  the  Synthetic  Figure  44  Length  of  Synthetic  Aperture, 

Aperture  Required  to  get  a  Percentage,  a,  of  /,  of  the  Maximum  Aperture  at  the 

the  Total  Energy  Scattered  Out  of  the  Ground  Surface. 
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Figure  45  Length  of  Synthetic  Aperture  vs.  a,  n2=4,  d=l  m,  a=25  ra. 
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Sample  Spacing 

According  to  sampling  theory,  the  spacing  between  data  points  should  be  X/2.  For  the 
impulse  model,  this  means  that  the  impulses  should  be  transmitted  and  received  at  X/2  meter 
intervals.  Because  our  frequency  range  is  50  MHz  to  500  MHz,  the  sample  spacing  at  the 
highest  frequency  should  be  0.3  m  or  less  and  the  sample  spacing  at  the  lowest  frequency 
should  be  3  m  or  less.  Because  of  the  wide  bandwidth  of  our  signal,  we  can  undersample  at 
the  high  frequencies  and  oversample  at  the  low  frequencies  and  still  get  reasonable  results. 
Figure  54,  Figure  56,  and  Figure  58  show  images  obtained  with  sample  spacing  of  0.3  m, 
0.6m,  and  1.2m,  respectively.  These  cases  are  for  an  infmitessimal  horizontal  dipole  antenna 
and  two  -10  dB  point  targets  located  1  m  below  the  surface  at  cross  range  coordinates  of  2  m 
and  3  m  (the  targets  are  separated  by  1  m).  The  targets  are  still  visible  as  the  spacing 
increases  beyond  0.3  m,  but  the  background  level  begins  to  increase,  making  it  more  difficult 
to  distinguish  the  targets.  Figure  60  shows  what  happens  when  the  sample  spacing  is  3  m, 
when  all  but  the  lowest  frequency  component  of  the  signal  is  undersampled. 
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Figure  56  SAR  Image  for  Sample  Spacing  of  0.6  m  [9624] 
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Figure  59  SAR  Image  at  1  m  Below  the  Surface,  Sample  Spacing  of  1.2  m  [9626] 
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Antenna  Pattern 

We  have  compared  horizontal  and  vertical  infinitessimal  dipoles  and  vertical 
infinitessimal  dipoles  with  a  pattern  limited  to  15°  to  75°.  Figure  62  is  for  a  horizontal 
infinitessimal  dipole  oriented  parallel  to  the  surface  of  the  ground  and  perpendicular  to  the 
flight  path  of  the  radar.  Figure  63  is  for  an  infiinitessimal  vertical  dipole,  oriented  normal  to 
the  surface  of  the  ground.  The  signal  levels  for  the  vertical  dipole  are  generally  lower  than 
the  horizontal  dipole  case  because  most  of  the  energy  from  the  horizontal  dipole  is  directed 
toward  the  surface,  while  the  energy  from  the  vertical  dipole  is  directed  toward  the  horizon. 
However,  the  vertical  dipole  image  contains  much  less  reflection  from  the  surface.  If  the 
horizontal  and  vertical  dipole  antennas  are  limited  to  angular  ranges  of  15°  to  75°  from  the 
normal,  the  images  resulting  are  shown  in  Figure  64  and  Figure  65.  In  these  cases  it  does 
not  appear  that  much  information  is  lost  by  limiting  the  antenna  patterns. 
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Figure  62  Full  Horizontal  Infinitessimal  Dipole  Antenna  [9614] 
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Figure  63  Full  Vertical  Infinitessimal  Dipole  Antenna  [9615] 
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Figure  64  Horizontal  Infinitessimal  Dipole,  Limited  to  15°  to  75°  [9617] 
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Figure  65  Vertical  Infinitessimal  Dipole,  Limited  to  15°  to  75°  [9616] 
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Number  of  Frequency  Terms 

We  can  use  the  step-frequency  model  to  examine  what  happens  to  an  image  if  the 
bandwidth  is  constant,  but  the  number  of  frequencies  within  the  bandwidth  is  reduced.  If  we 
decrease  the  number  of  frequency  terms,  N,  we  can  still  identify  targets,  but  we  begin  to  get 
ambiguous  results.  Figure  66  shows  the  ambiguous  results  obtained  when  only  10  frequency 
terms  are  used.  The  two  targets  that  should  appear  1  meter  deep  and  at  the  2  m  and  3  m 
range  positions  also  appear  0.2  m  deep  and  1.7  m  deep.  Figure  67  shows  the  same  case 
using  105  frequency  terms,  which  is  the  number  used  in  most  of  the  examples  in  this  report. 
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Figure  66  Step-Frequency  SAR  Image  using  10  Frequencies,  Horizontal  Dipole  Antennas  [9612] 
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Figure  67  Step-Frequency  SAR  Image  using  105  Frequencies,  Horizontal  Dipole  Antennas  [9636] 
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3.4  Computer  Hardware  and  Software 


We  used  Microway’s  NDP  Fortran  and  the  Microway  Number  Smasher-860  board  to  develop 
and  run  the  SAR  Simulation  Program.  The  Number  Smasher-860  board  allowed  us  to 
continue  to  run  the  simulation  on  a  80386  or  80486  PC  and  have  access  to  32  MBytes  of 
memory.  The  NDP  Fortran  also  has  a  graphics  library  for  screen  graphics  and  the  NDP 
VAST-860  Vectorizer.  We  can  also  run  the  program  on  a  Sun  workstation  using  Sun 
Fortran.  The  program  can  run  approximately  3-4  times  faster  on  the  Sun  workstation  than 
on  a  80386  PC  with  the  Number  Smasher-860  board.  No  graphics  are  available  on  the  Sun 
with  this  code. 

We  wrote  a  simple  user  interface  for  the  PC  version  of  the  simulation  to  enter 
parameters,  run  the  simulation,  and  display  data  on  the  computer  screen.  The  user  selects 
the  desired  activity  from  a  short  menu. 

Most  of  the  parameters  can  be  entered  from  the  "Enter  Parameters"  screen.  The 
parameters  include:  antenna  beam  width,  antenna  altitude,  antenna  velocity,  soil  index  of 
refraction,  soil  conductivity,  frequency,  sampling  interval  of  the  received  waveform,  number 
of  targets,  target  position,  target  size,  and  target  orientation.  The  user  may  also  be  prompted 
to  enter  additional  information,  depending  on  whether  the  impulse  model  or  step-frequency 
model  is  running.  The  impulse  model  and  step-frequency  model  are  compiled  as  separate 
programs,  although  they  share  many  of  the  same  subroutines. 

For  a  quick  view  of  the  image  that  results  from  the  simulation,  the  user  may  view  the 
image  on  the  PC  screen  using  up  to  16  colors  to  represent  the  magnitude  of  the  signal  from 
each  pixel.  The  user  selects  "View  Simulation"  to  view  the  image  on  the  computer  screen. 
The  image  may  be  scaled  either  linearly  or  logarithmically  to  the  16  colors. 

For  a  better  view  of  the  results,  the  results  of  each  simulation  are  saved  in  a  text  file. 
The  file  can  be  read  by  a  2-dimensional  visualization  software  application  which  displays  the 
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image  and  the  data  and  can  produce  a  hard  copy  of  the  image.  The  application  we  use  is 
Spyglass®  Transform. 


3.5  SAR  Model  Fidelity 

We  believe  the  SAR  model  to  be  potentially  useful  to  this  program  in  spite  of  inherent 
limitations  in  the  model.  For  example,  the  ground  is  modeled  as  a  single  medium  with 
uniform  dielectric  constant  and  loss.  Rarely,  however,  will  the  ground  actually  have  this 
property  of  homogeneity.  If  the  model  was  to  be  developed  further,  adding  distinct 
homogeneous  layers  of  arbitrary  dielectric  constant  and  loss  would  probably  be  the  next  step. 
Still,  the  model  is  useful  in  the  engineering  sense  in  that  it  provides  a  first-order 
approximation  of  what  the  limitations  will  be  at  a  given  site  for  targets  of  arbitrary  size  and 
depth.  The  model  would  be  run  for  several  constitutive  parameter  sets  to  allow  the  engineer 
to  understand  trends  and  limitations.  It  also  provides  the  Battelle/ESL  system  developers 
with  a  clearer  understanding  of  phenomenology  and  the  impact  of  changing  the  parameters 
listed  in  Table  7. 
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4.0  Antennas 


The  form  of  the  antenna  or  antennas  used  on  the  helicopter  has  been  an  item  of  intense 
scrutiny  during  this  program.  Because  of  the  often  conflicting  wide  dynamic  range  and 
relatively  high  speed  requirements,  it  was  initially  felt,  and  became  more  apparent  during  the 
study,  that  the  antenna  would  have  to  provide  some  form  of  analog  signal  processing.  The 
dynamic  range  requirements  are  driven  by  the  very  high  return  from  the  ground  surface  and 
the  very  low  level  of  return  from  buried  objects.  The  required  dynamic  range  values  are 
difficult  to  quantify  because  the  losses  in  distinct  soils  can  vary  over  large  ranges.  ESL’s 
previous  experience  has  been  that  60  to  70  dB  of  dynamic  range  is  required  in  reasonable 
soils.  A  further  discussion  of  dynamic  range  is  included  on  page  201.  The  highest  surface 
return  is  caused  by  an  ill-defined  surface  patch  that  is  generally  directly  beneath  the  airborne 
platform.  If  the  earth  was  locally  perfectly  flat  and  perfectly  level,  the  area  beneath  the 
aircraft  would  cause  a  high  level  of  specular  reflection.  An  actual  surface,  of  course,  is 
neither  flat  nor  level  so  the  specular  scattering  is  diffuse  but  in  general,  the  highest  return  is 
from  a  ground  patch  beneath  the  helicopter. 

One  very  useful  potential  characteristic  of  the  antenna,  then,  is  a  null  in  the  pattern 
directly  below  the  aircraft.  This  null  then  provides  an  analog  means  for  reducing  the  largest 
component  of  the  return  from  the  surface.  Several  antennas  were  considered  that  provide 
this  null  but  a  vertical  dipole  array  beneath  the  aircraft  seemed  to  be  the  most  useful  design. 
It  is  described  subsequently. 

The  antenna  bandwidth,  antenna  size,  and  antenna  efficiency  can  influence 
measurement  accuracy  and  time  required  for  measurements  in  a  significant  way.  The 
antenna  bandwidth  needs  to  cover  the  spectrum  of  the  signal  reflected  from  the  UXO 
required  for  target  identification  purposes.  Since  the  length  of  the  UXO  items  can  vary  from 
the  order  of  1  foot  to  9  feet,  a  broadband  antenna  is  essential,  even  if  only  the  dominant 
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resonance  is  used  for  identification  purposes.  This  problem  is  compounded  by  the  electrical 
properties  of  the  soil  where  the  relative  dielectric  constant  er  can  vary  from  about  5  for  some 
sands  to  up  to  50  for  some  clays.  Because  the  electrical  length  of  a  body  immersed  in  the 
ground  is  proportional  to  the  square  root  of  the  dielectric  constant,  the  first  resonance 
frequency  of  any  given  target  can  vary  significantly,  depending  on  the  dielectric  constant  of 
the  soil.  Distinct  targets  (those  with  distinct  shapes)  will  still  have  distinct  resonances,  if 
immersed  in  the  same  soil.  Considering  the  diversity  of  target  shapes  supplied  by 
NAVEODTECHDIV  and  the  well-documented  diversity  of  soil  types  and  accompanying 
dielectric  constants,  it  appears  that  first  resonances  of  targets  of  interest  can  vary  between 
approximately  7.8  MHz  and  200  MHz.  This  large  bandwidth  places  severe  requirements  on 
the  antenna  design.  The  antenna  length  is  probably  going  to  be  about  10  feet  to  20  feet  with 
an  associated  low-frequency  resonance  of  the  order  of  25  to  50  MHz. 

A  series  of  antenna  types  have  been  considered  in  this  study.  These  antennas  have  all 
been  subject  to  the  constraints  that,  if  possible,  they  should  be  operable  at  frequencies  low 
enough  to  be  able  to  detect  the  lowest  order  resonance  of  the  UXO’s.  This  constraint  is  tied 
to  the  use  of  Complex  Natural  Resonances  (CNR’s)  as  a  target  discriminant.  This  range 
corresponds  to  that  frequency  at  which  the  largest  UXO  is  approximately  one-half  wavelength 
long  in  the  media.  A  worst  case  might  be  that  of  a  3  m  long  UXO  in  a  media  whose 
permittivity  is  50.  In  this  case,  the  lowest  operating  frequency  would  be  approximately 
7  MHz  which  is  probably  below  the  capability  of  a  realistic  airborne  antenna. 

4.1  Antennas  Candidates  for  the  Airborne  Platform 

The  antennas  that  have  been  considered  for  the  Airborne  GPR  system  include: 

(a)  Horizontal  Dipole  —  Dipole  Monopulse  between  Struts 

(b)  Horizontal  Slot  Dipole  Monopulse  between  Struts 

(c)  Horizontal  Cross  Dipole  between  Struts 

(d)  Horizontal  Cross  Dipole  between  Struts 

(e)  Vertical  Dipole  Array 

(f)  Vertical  Slot  Array 

(g)  Spiral 

(h)  TEM  Horn 


(a)  Horizontal  Dipole-  (b)  Horizontal  Slot 
Dipole  Monopulse  Dipole  Monopulse 


(c)  and  (d)  Horizontal  Cross  Dipole  or  Slot 
(see  Fig  1.9) 


(e)  and  (f)  Vertical  Dipole  or  Slot 
(see  Fig  1.12) 


(g)  Spiral 


(h)  TEM  Horn 


Figure  65.  Antenna  geometries. 


Figure  65  illustrates  these  antenna  configurations. 


Many  of  these  antennas  proved  to  be  reasonable  for  a  system  mounted  on  the  ground 
primarily  because  they  took  advantage  of  the  electrical  properties  of  the  ground  to  provide 
adequate  transmission.  However,  it  seems  desirable  to  be  able  to  detect  targets  at 
frequencies  as  low  as  possible.  We  noted  earlier  that  for  some  media  the  dominant  target 
resonance  can  be  at  10  MHz  or  even  lower  and  that  this  is  the  dominant  signature.  The 
radar  range  equation  does  require  detection  of  ever  smaller  signals  as  the  operational 
frequencies  increase. 

Because  it  is  desirable  to  operate  these  antennas  at  as  low  a  frequency  as  possible  the 
horizontal  monopulse  antennas  may  not  be  satisfactory.  Figure  66  shows  the  two  transmit 
antenna  positioned  between  the  skids  of  the  helicopter.  The  8  foot  separation  corresponds  to 
the  spacing  of  the  skids  (the  maximum  available  spacing).  The  electrical  distance  at 
10  MHz  is 


360° 

30 


•  2,4  sin<j>  =  28,8°  sin<J> 


(57) 


and  the  radiation  pattern  in  the  plane  of  the  paper  is  given  by 

E  =  £1-£1<«--'28'8sin*  =  Ex  e  v  14-4sin<t»  2/sin(14. 14sin<|>)  (58) 


Clearly  this  will  not  be  an  effective  antenna  at  10  MHz  and,  in  fact,  the  frequency  must  be 
increased  to  approximately  100  MHz  to  produce  an  effective  radiator.  This  antenna  would 
be  useful,  however,  for  detecting  smaller  UXO’s  in  sand  where  the  dielectric  constant  is 
approximately  equal  to  6. 

The  crossed-dipole  geometries  can  be  positioned  between  the  struts  and  oriented  so  that 
an  11  foot  (3.5  m)  long  dipole  could  be  used.  It  has  several  advantages.  First,  it  would 
have  reasonable  radiation  as  low  as  10  MHz.  The  crossed-dipole  would  not  receive  the 
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Figure  66.  Transmit  antennas  for  monopulse  schemes. 

specular  scatter  from  the  ground  below.  It  would  be  mounted  in  a  cavity  with  an  absorber 
layer  directly  above  to  shield  it  from  radiation  from  the  helicopter  and  scattering  from  the 
helicopter  structure.  The  struts  might  represent  a  source  of  scatter  since  they  are  arranged  at 
45°  with  respect  to  the  dipole  elements  as  are  the  walls  of  its  cavity.  Second,  the  dipoles 
would  be  susceptible  to  signals  propagating  along  the  horizon.  In  a  recent  discussion  with 
the  Ohio  Air  National  Guard  (ANG),  it  was  found  that  hoist  facilities  are  available  located  at 
the  center  of  gravity  of  the  helicopter.  This  device  could  be  used  to  pull  a  cross  dipole  into 
position  in  flight.  The  top  of  the  antenna  cavity  could  be  grooved  so  that  the  struts  would  fit 
into  the  grooves  for  stability  and  thus  could  be  made  longer  than  the  previously-mentioned 
11  feet. 

The  crossed-dipoles  can  also  be  used  to  illustrate  that  the  characteristic  matching 
concept  is  successful.  A  gray  scale  plot  is  included  using  data  generated  by  a  GPR  using 
crossed-dipoles  matched  approximately  by  their  characteristic  impedance.  The  plot  is  shown 
in  Figure  67.  The  target  is  a  3  foot  long  cylinder  buried  3  feet  deep  in  clay.  The  antenna 
resonance  (at  r=20  ns)  and  the  cylinder  resonance  (at  t~  60  ns)  are  distinct  and  are  readily 
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Figure  67.  Gray  scale  map  for  cross  dipole  antenna  where  Zg  ~  Zc  over  a  3  foot  pipe  3  feet 
deep  in  clay. 
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observable  with  no  further  data  processing.  The  gray  scale  plots  are  generated  by  plotting 
successive  measured  waveforms  as  a  function  of  antenna  position  and  time  (corresponding  to 
depth).  The  resonance  frequency  is  found  from  fT  =  1/2 T  where  T  is  the  time  between  two 
successive  nulls. 

Figure  68  is  the  gray  scale  plot  for  a  5  foot  long  cylinder  at  a  3  foot  depth.  Again,  the 
antenna  resonance  is  clearly  observable  in  the  early  time  frame  (i.e.,  for  t~ 20  ns).  The 
expected  fundamental  resonance  of  the  5  foot  long  cylinder  is  not  observable  because  there  is 
no  periodic  structure  at  a  lower  frequency  than  that  of  Figure  67  it  >  60  ns).  It  is  noted, 
however,  that  the  lobe  structure  from  60  to  90  ns  is  somewhat  broader  than  that  observed  in 
earlier  times  or  from  20  to  40  ns.  The  fundamental  resonance  was  not  observed  because  it 
was  at  approximately  9.8  MHz  and  was  below  the  operating  frequency  of  that  antenna.  The 
observed  response  in  the  60-90  ns  region  would  then  be  a  higher  order  resonance. 

The  crossed- slot  offers  the  same  features  as  does  the  crossed-dipoles.  They  can  both 
be  excited  using  the  same  antenna  elements  as  shown  in  Figure  69  by  using  hybrids  and  an 
approximate  switching  mechanism  to  select  one  or  the  other.  This  configuration  offers  an 
advantage  because  a  linear  scatterer,  lined-up  with  one  of  the  antenna  elements,  becomes 
invisible  to  this  antenna  configuration.  However,  such  as  scatterer  could  not  be  invisible  to 
both.  This  concept  is  being  pursued  further  for  a  ground  based  GPR.  This  antenna  system 
is  a  viable  antenna  for  the  Airborne  GPR. 

The  spiral  is  an  effective  radiator  for  frequencies  where  the  circumference  of  the  spiral 
is  less  than  a  wavelength.  The  circumference  of  a  spiral  between  the  struts  is  7.6  m  or  the 
operating  frequencies  would  be  above  40  MHz.  Thus,  this  antenna  like  the  monopulse 
antenna  would  perform  poorly  at  frequencies  below  40  MHz. 

A  vertical  dipole  array  is  illustrated  in  a  sketch  in  Figure  70.  This  antenna  is  currently 
being  studied  using  the  HARP  code  that  has  been  developed  at  OSU  [2].  A  preliminary 
computation  of  the  pattern  on  a  single  3  m  long  element  is  given  in  Figure  71.  The  crossed- 
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Figure  68.  Gray  scale  map  for  cross  dipole  antenna  where  Zg  ~  Zc  over  a  5  foot  pipe  3 
foot  deep  in  clay. 
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For  Dipole  Operation  A-B  are  excited 

C-D  are  receiver 

For  Slot  Operation  AC-BD  are  excited 

AD-BC  are  receivers 


Figure  69.  Crossed-dipole/slot  antenna. 
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Figure  70.  Helical  with  3  vertical  dipoles. 
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Figure  71.  Patterns  for  center  dipole  (receiver)  Figure  70 
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polarized  component  is  shown  by  the  dotted  line  for  the  horizontal  plane  pattern.  The 
vertical  plane  pattern  is  taken  in  the  plane  containing  the  nose  and  the  tail.  These  two 
patterns  are  at  25  MHz. 

While  Figure  71  shows  the  pattern  for  a  single  antenna,  the  actual  operation  will  have 
the  upper  and  lower  antennas  excited  180°  out  of  phase.  The  monopulse  pattern  without  the 
helicopter  (see  Figure  72)  for  this  case  in  the  vertical  plane  at  10  MHz  is  given  by 

E  =  2jEte  ~j3r  cos<j)  sin(33°  sin<j>)  (59) 

where  the  additional  cos  0  factor  is  the  antenna  element  pattern.  At  both  0=0  and  0=90°, 
Equation  (1.3)  predicts  a  null  will  be  generated.  At  0  =  45°,  the  electric  field  is  reduced  by 
about  one-half,  i.e.,  |  E  \  =  0.55E!.  The  pattern  is  broad  and  should  be  useful  for  this 
application. 

The  vertical  dipole  system  suffers  one  deficiency;  it  will  not  detect  a  linear  scatterer 
that  is  perpendicular  to  the  dipole.  However,  because  the  helicopter  will  scan  the  entire 
area,  this  condition  will  not  occur  for  all  antenna  positions  and  this  drop  in  amplitude  in 
itself  this  could  represent  an  additional  target  signature. 

The  vertical  monopulse  dipole  antenna  system  also  has  a  nearly  circular  pattern  with 
the  array  as  the  axis  of  symmetry. 

The  transmitter  is  used  to  excite  the  monopulse  system  because  this  geometry  projects 
a  null  along  the  horizon.  Thus,  it  minimizes  interference  with  external  systems.  If  one 
wished  to  minimize  interference  with  our  radar,  the  receiver  would  be  connected  to  the 
monopulse  array.  In  the  ANG  discussion,  it  was  also  noted  that  there  are  several  hard  spots 
that  could  be  used  for  additional  monopulse  antenna  positions.  For  example,  horizontal 
monopoles  could  be  used  that  are  at  the  midpoint  of  the  fuselage  (i.e.,  of  the  slide  doors). 
This  additional  geometry  will  be  examined  in  terms  of  pros  and  cons  with  respect  to  the 
vertical  dipole  array. 
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Figure  72.  Vertical  monopulse  GPR  antenna. 
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The  vertical  slot  antenna  where  the  dipoles  are  replaced  by  slots  has  been  discarded 
because  it  would  require  too  large  a  ground  plane  to  support  a  broad-band  slot  mode. 

The  TEM  horn  would  be  too  large  a  structure  to  cover  the  required  frequency.  The 
present  TEM  horn  is  an  effective  antenna  for  frequencies  as  low  as  50  MHz. 

At  10  MHz,  this  antenna  would  be  simple  a  loaded  transmission  line. 


4.2  Antenna  Resonances  and  Their  Influence  on  GPR 

A  major  problem  using  broad  band  GPR  systems  with  antennas  that  are  electrically  small  in 
order  to  detect  the  strongest  CNR  is  that  of  antenna  ringing.  This  ringing  and  means  to 
reduce  its  influence  are  discussed  in  the  following  paragraphs.  Antennas  resonances  are 
echoed  in  any  reflection  so  that  if  a  strong  reflection  occurs,  the  resonance  produces  a  strong 
signal  that  can  mask  a  weaker  desired  signal  from  a  deeper  target.  These  reflections  could 
be  caused  by  the  ground  interface  or  inhomogeneities  in  the  ground.  Experimental  surface 
GPR  results  are  used  below  to  demonstrate  the  significance  of  this  antenna  resonance. 

This  antenna  ringing,  as  caused  by  their  resonances,  can  be  reduced  significantly  by 
the  proper  antenna  impedance  matching.  If  the  antenna  is  matched  by  its  complex  conjugate 
impedance,  the  ringing  will  be  eliminated.  If  it  is  matched  in  its  characteristic  impedance,  it 
can  be  greatly  reduced. 

Means  of  reducing  the  effects  of  ringing  are  available  via  signal  processing  techniques 
as  discussed  in  Section  6. 

Figure  73  shows  a  gray  scale  plot  obtained  with  a  GPR  unit  over  a  3  foot  cylinder 
buried  one  foot  deep  in  a  clay  medium  (er  =  13,  o  =  0.021).  The  antenna  geometry  was 
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Figure  73.  Gray  scale  map  for  3  foot  pipe  in  trench  in  1  foot  of  clay. 
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generated  using  the  dipole  monopulse  array  [3],  This  plot  was  generated  by  moving  the 
antenna  across  the  cylinder  at  the  air-ground  interface  and  plotting  the  absolute  value  of  the 
received  signal  as  a  function  of  antenna  position  and  time  (distance  to  cylinder).  The  null  at 
the  0  position  is  a  consequence  of  the  monopulse  antenna  geometry. 

These  data  sets  were  used  to  generate  the  Complex  Natural  Resonances  shown  in 
Figure  74  via  a  Prony  procedure  discussed  in  Section  6.  The  resonance  at  50  MHz  was 
removed  and  a  new  gray  scale  map  is  shown  in  Figure  75.  The  resonance  at  100  MHz  was 
removed  to  obtain  the  gray  scale  map  of  Figure  76.  The  data  of  Figure  76  were  processed  to 
obtain  the  SAR  image  of  Figure  77.  The  two  resonances  that  were  removed  were  antenna 
resonances  as  was  confirmed  by  computing  the  CNR’s  at  a  distance  removed  from  the 
cylinder.  Note  that  the  data  maximum  of  Figure  73  is  order  of  20  dB  higher  than  the  data 
maximum  of  Figure  76.  Clearly  it  would  have  been  difficult  to  detect  the  cylinder  in  the 
gray  scale  plot  of  Figure  73. 

Some  form  of  additional  resistive  antenna  loading  or  impedance  matching  is  required  to 
keep  the  small  linear  antenna  elements  from  ringing  so  as  to  reduce  the  burden  on  the  signal 
processing. 

The  use  of  resistive  antenna  loading  should  be  minimized  since  it  leads  to  lower 
efficiency. 

Reduction  of  Antenna  Resonance  Phenomena 

There  are  several  methods  by  which  the  problems  caused  by  these  troublesome  antenna 
resonances  can  be  reduced.  They  can  be  represented  schematically  as  shown  in  Figure  78. 

A  pulse  is  launched  on  the  antenna.  It  propagates  to  the  end  of  the  antenna  where  it  is 
reflected  back  where  it  is  again  reflected.  This  process  continues  and  at  each  reflection 
radiation  occurs. 
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Figure  74.  Natural  resonances  as  a  function  of  antenna  position. 
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Antenna  Resonance  Reduced  Response  of  3ft  Pipe  Buried  in  1ft  Clay  (EPS=13,SIG=0.021)  (b4222/e 
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There  are  several  ways  these  resonances  can  be  treated.  The  simplest  conceptually  is 
to  make  the  generator  impedance  Zg  equal  to  the  complex  conjugate  of  the  antenna 
impedance.  The  result  is  shown  in  Figure  79  for  a  3  m  long  biconical  antenna.  There  is  no 
evidence  of  antenna  resonance.  The  pulse  that  is  radiated  is  a  duplicate  of  the  pulse  being 
launched  on  the  antenna. 

In  this  case,  the  antenna  is  completely  matched  at  the  antenna  terminals  at  every 
frequency.  It  is  noted  that  a  perfect  match  cannot  be  achieved  over  the  wide  bandwidth 
necessary  for  this  GPR  application.  There  are  several  alternative  matching  techniques.  One 
is  to  adjust  the  terminating  impedance  ZL  such  that  there  is  no  reflection  from  the  end  of  the 
antenna.  Smith  [4]  and  others  have  used  tapered  resistive  loading  to  achieve  this  goal  usually 
using  a  Wu-King  distribution  [5] .  This  technique  is  highly  successful  but  the  antenna 
efficiency  is  very  low  when  the  antenna  is  less  than  a  wavelength  long.  Another  approach  is 
to  simply  match  the  antenna  in  its  characteristic  impedance. 

Characteristic  Impedance  Matching 


Figure  78.  Antenna  resonance  illustration. 
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1  deg  hm=1.5  cone,  5  ns,  fmc=1 ,256,1,  lg*real(Zg) 


t/T2H 


Figure  79.  Elimination  of  resonances  via  complex  conjugate  matching. 
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To  demonstrate  that  setting  the  source  impedance  equal  to  the  characteristic  impedance  will 
reduce  the  antenna  ringing,  a  biconical  antenna  was  selected  as  a  model.  The  main  reason 
for  this  choice  is  that  a  boundary  value  solution  exists  for  the  finite  length  biconical  antenna 
[6].  The  geometry  is  shown  in  Figure  80. 

To  clearly  demonstrate  the  need  for  improvement  a  long  antenna  (L  =  10  m)  was 
used.  Then  the  pulses  generated  by  the  various  mechanisms  were  separated  in  time  so  that 
they  are  clearly  observable.  The  biconical  half-angle,  <f>,  is  1°.  A  generator  impedance  Zg 
=  1  Q  was  used.  Figure  81  shows  the  voltage  across  the  generator  impedance.  The 
waveform  in  this  figure  is  a  measure  of  the  current  flowing  in  the  antenna  at  that  time.  The 
current  waveform  being  launched  on  the  biconical  antenna  would  have  a  magnitude  V/Zg. 


The  current  waveform  being  launched  on  the  antenna  structure  is 


zg(=i  n) 


At) 


(60) 


SOURCE 


Figure  80.  Biconical  antenna  geometry. 
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psi=1  degree,hm«10mzg=1  ohm 


Figure  81.  Antenna  ringing  when  Zg  =  1 0,0  =  1°,  L  =  10  ra,  vs  =  5  ns  doublet. 


where  fit)  is  the  waveform  of  Figure  81.  The  biconical  antenna  is  considered  to  be  a 
transmission  line  with  a  characteristic  impedance  [6] 

z  =  —In  cot—  («) 

c  n  2 

where  Zq  is  the  characteristic  impedance  of  the  medium.  The  current  waveform  is 
subsequently  reflected  at  the  end  of  the  antenna.  The  current  reflection  coefficient  is 
negative  because  the  antenna  is  approximately  an  open  circuit  and  consequently  produces  a 
reflected  pulse  of  opposite  polarity.  This  reflected  pulse  is  subsequently  reflected  at  the 
antenna  terminals.  In  this  case,  the  reflection  coefficient  is  positive  because  Zc>  >Zg.  The 
second  measured  voltage  “doublet”  across  Zg  is  subsequently  of  opposite  polarity  from  the 
first  doublet.  The  process  is  repeated  for  a  large  number  of  reflections  as  seen  in  Figure  8 1 . 

Next,  Zg  is  set  equal  to  Zc  and  the  process  is  repeated.  The  resulting  waveform  is 
shown  in  Figure  82.  The  magnitude  of  the  first  “doublet”  in  Figure  82  is  now  given  by 
Vg—0.5  because  Zg=Zc.  Assuming  no  radiation,  the  second  doublet  would  be  reduced  by 
6  dB.  It  is  again  reversed  in  polarity  as  expected.  The  third  doublet  is  reduced  by  about 
17  dB  from  the  first  doublet.  It  would  not  exist  if  the  transmission  line  was  a  complete 
model  of  the  antenna.  It  is  not  complete  because  a  radiated  pulse  would  result  from  the 
antenna-generator  discontinuity. 

Figure  83  shows  the  voltage  waveform  generated  across  Zg  =  Zc  when  the  biconical 
half-angle,  4>,  is  increased  to  39°.  In  this  case,  the  reflection  occurring  from  ZL  has  been 
reduced  because  of  the  larger  diameter  at  the  end  of  the  antenna. 

In  the  next  sequence  of  figures,  the  length  of  the  antenna  is  reduced  to  a  more  practical 
3  m  and  the  results  are  now  plotted  in  dB  to  include  a  broader  dynamic  range. 

The  abscissa  is  also  normalized  by  the  time  it  takes  the  pulse  to  propagate  to  the  end  of 
the  antenna  and  back  to  the  source  region.  The  units  are  now  the  number  of  bounces.  This 
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Figure  83.  Antenna  ringing  when  Zg  =ZC,  </>  =  39.23°,  L  =  10  m,  vs  =  5  ns  doublet. 
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normalization  is  done  because  the  pulse  width  is  now  so  big  that  various  reflections  merge 
together.  Each  such  unit  now  corresponds  to  9.84  ns. 

Figure  84  shows  Vg  when  <f>  =  0.1°,  Zg  =  Zc  =  845  Q,  the  antenna  length  is  3  m  and 
a  5  ns  doublet  issued.  The  spectrum  included  was  265  MHz  in  1  MHz  steps.  The 
bandwidth  can  be  used  to  reduce  the  ringing  even  further  as  is  shown  in  Figure  85  where  the 
upper  frequency  was  increased  to  512  MHz.  Figure  86  gives  Vg  when  Zg= 500  fi.  The 
ringing  is  increased  but  not  by  an  unreasonable  amount.  The  same  result  is  observed  when 
Zg  is  increased  to  as  much  as  Z=-bZc. 

Characteristic  impedance  matching  has  been  incorporated  in  our  ground  based  radar 
and  much  improved  measurements  have  been  obtained  in  the  ESL  test  bed  and  have  been 
included  in  the  antenna  that  has  been  delivered  for  the  SOCS  platform. 
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.1  deg  cone,hm=1  5,1 ,256,1  ,zc=zg=845.2751 ,5  ns 


Figure  84.  Voltage  across  Zg  for  =  0.1°,  L  =  1.5  m,  excited  by  a  5  ns  doublet  (1  MHz 
<  f  <  256  MHz  spectrum). 
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.1  deg  cone,  hm*1.5, 1,512,1  zc*zg«845.2751,5  ns 


Figure  85.  Voltage  across  Zg  for  $  =  0.1°,  L  =  1.5  m,  excited  by  a  5  ns  doublet 
(1  MHz  <  f  <  512  MHz  spectrum). 
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In  dB 


.1  deg  cone, hm*1. 5, 1,256,1 ,25*500,20^545^751  ,5  ns 


Figure  86.  Voltage  across  Zg  for  <t>  =  0.1°,  L  =  1.5  m,  excited  by  a  5  ns  doublet 
(1  MHz  <  f  <  256  MHz  spectrum).  Zg  =  500  Q. 
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5.0  Propagation 


Ground  parameters  will  have  a  major  influence  on  the  performance  of  any  GPR  system. 
These  parameters  include  attenuation  in  the  soil  due  to  dielectric  loss,  an  interface  loss  on 
transitioning  from  air  to  soil,  and  more  subtle  effects  such  as  limiting  the  useful  SAR 
aperture  size  due  to  refraction  effects  at  the  soil/air  boundary  and  within  the  soil. 

5.1  Soil  Attenuation 


Soil  attenuation  can  be  very  severe  for  media  such  as  clay  with  a  high  moisture  content. 

This  is  very  clear  when  the  electric  properties  of  clay  are  examined  more  closely.  Figure  12 
shows  in  situ  measurement  of  these  electrical  properties  of  several  media  as  a  function  of 
frequency  [1].  For  clay,  these  numbers  translate  to  a  loss  in  the  media  at  400  MHz  of 
approximately  60  dB/m.  This  loss  is  in  addition  to  the  free  space  losses  as  the  wave 
propagates  from  the  airborne  platform  to  the  ground. 


Assuming  that  the  antenna  is  30  m  above  the  ground,  the  radar  range  equation  gives 
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(62) 


where  Pr,  P„  are  the  received  and  transmitted  power,  respectively,  G  is  the  antenna  gain,  Ae 
is  the  radar  cross  section  and  X  is  the  wavelength.  The  losses  exclusive  of  antenna  gain  and 
radar  cross  section  are  of  the  order  of  95  dB  at  400  MHz.  Thus,  the  losses  introduced  when 
the  radar  is  used  to  detect  a  target  at  1  meter  depth  in  clay  at  400  MHz  would  be  215  dB. 


At  10  MHz,  the  term  in  brackets  of  equation  (62)  reduces  to  about  60  dB  and  the 
ground  losses  reduce  to  10  dB/m  or  a  net  loss  of  80  dB. 
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Figure  87  gives  the  radar  cross  section  of  a  linear  target  in  a  lossy  media  as  a  function 
of  frequency  for  a  fictitious  medium  where  the  electrical  properties  are  not  a  function  of 
frequency.  For  the  longer  wire  corresponding  to  the  larger  UXO,  this  cross  section  is 
somewhat  larger  than  one  square  meter.  Consequently  the  radar  must  be  able  to  detect  a 
signal  which  is  of  the  order  of  80  to  100  dB  below  the  transmitter  signal  and  in  the  presence 
of  clutter. 

Given  sufficient  transmitter  power  and  receiver  sensitivity,  the  free  space  propagation 
problems  can  be  overcome.  However,  the  losses  caused  by  ground  attenuation  represent  a 
more  serious  problem  because  clutter  reflections  from  the  surface  must  be  separable  from  the 
UXO  scatter  which  has  been  attenuated  by  the  ground  loss.  The  sub-clutter  visibility  would 
be  determined  by  the  SAR  processing  gain. 

5.2  Interface  Loss 

In  the  above  discussion  we  did  not  include  the  transmission  into  and  out  of  the  ground.  In 
general,  for  near  normal  irradiance,  when  the  product  is  considered,  this  interface  loss  plays 
a  minor  role  as  is  demonstrated  by  the  following  equation. 

2— 

T  T  -  fer 

+i  -i-*i 

where  Tn,  T2i  are  transmission  coefficients  into  and  out  of  the  ground  respectively  for 
normal  incidence,  and  er  is  the  relative  permittivity  of  the  earth.  As  is  illustrated  for  er=  50, 
this  corresponds  to  0.37  or  -8.5  dB.  It  is  also  true  that  the  top  soil  has  a  lower  permittivity 
than  the  clay  as  shown  in  Figure  88.  This  top  soil  layer  tends  to  match  the  incident  wave 
into  the  soil,  thus  reducing  the  influence  of  the  interface  even  further. 

For  angles  other  than  normal  incidence,  the  two-way  interface  transmission  coefficient 
becomes  a  function  of  polarization.  This  case  has  been  studied,  and  the  results  illustrated 
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Figure  87.  RCS  of  a  wire  in  a  lossy  earth. 


Figure  88.  Electrical  properties  of  soil  at  ESL  and  JPG. 


below.  Figure  89  shows  the  two-way  transmission  versus  dielectric  constant  and  incidence 
angle  for  vertical  E-field  polarization.  In  this  surface,  an  incidence  angle  of  0  is  normal 
incidence.  The  incidence  angle/2  goes  to  45°,  representing  an  incidence  angle  of  90  degrees 
or  grazing  incidence.  Values  of  relative  dielectric  constant  from  1  to  50/2  are  plotted.  Note 
the  coefficient  is  1  when  the  dielectric  constant  is  1  for  all  incidence  angles,  and  the 
coefficient  is  0  when  the  incidence  angle  is  90°  (grazing  incidence)  for  all  values  of  dielectric 
constant. 


Figure  90  shows  the  same  data  for  horizontal  polarization.  Along  the  front  right  edge 
of  the  curve  where  the  incidence  angle  is  0,  the  horizontal  polarization  curve  is  exactly  like 
the  vertical  polarized  curve  as  we  would  expect.  For  other  angles,  the  horizontal 
polarization  in  general  has  a  lower  two-way  transmission  coefficient  than  for  vertical 
polarization,  because  of  the  combination  of  the  Brewster  and  critical  angle  effects. 
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Figure  89.  Vertical  polarization.  Two-way  surface  transmission  coefficient. 
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Figure  91  shows  the  ratio  of  vertical  to  horizontal  two-way  transmission  coefficient  in 
dB  versus  dielectric  constant/2  and  angle/2.  Notice  that  for  angles  near  normal 
(approximately  0  degrees)  the  ratio  is  near  0  dB.  However,  as  the  incidence  angle 
approaches  grazing,  the  vertical  polarization  is  as  much  as  235  dB  stronger  than  the 
horizontal  for  large  dielectric  constants.  For  example,  the  case  of  60°  incidence  angle  and  a 
dielectric  constant  of  40  yields  an  11  dB  difference.  For  these  angles,  polarization  is  still  not 
the  dominant  factor  in  the  radar  propagation  calculation,  but  is  may  begin  to  be  worth  using 
vertical  polarization  provided  the  polarimetric  response  of  the  target  is  relatively  uniform. 

The  presence  of  a  X2  factor  in  the  radar  range  equation,  the  ground  losses  (for  clay) 
and  the  use  of  CNR’s  for  target  identification  tend  to  emphasize  the  need  for  the  lower 
operating  frequencies.  A  fourth  factor  is  the  influence  of  surface  clutter  which  will  increase 
as  the  frequency  is  increased  because  the  surface  roughness  dimensions  in  wavelengths 
become  larger  as  the  frequency  is  increased.  As  an  example,  a  six-inch  high  hill  is  1/20  X 
high  at  100  MHz  and  1/200  X  at  10  MHz.  Obviously  the  lower  frequency  is  preferable. 


Because  the  electrical  properties  of  the  earth  can  vary  over  very  large  ranges,  it  is  not 
practical  to  give  a  single  number  for  its  attenuation  factor.  However,  Figure  92  gives  the 
attenuation  factor  in  dB/m  for  range  of  materials.  The  attenuation  factor 
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where  a  is  the  conductivity,  and  n,  e  are  the  permeability  and  permittivity  of  the  earth, 
respectively,  for  the  high  frequency  regime  where  the  material  is  a  loss  dielectric 
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for  the  low  frequency  regime  where  the  ground  is  a  conductor.  For  the  intermediate  region 
where  the  ground  is  neither. 
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Recall  from  Figure  88,  that  the  electrical  properties  of  the  earth  are  depth  dependent. 
One  can  generate  an  effective  attenuation  factor  aeff  as  follows.  From 

e~a^d  =  e~a'd  g’M  ...e-«»d  (69) 


where  the  media  has  been  divided  into  N  uniform  layers  of  depth  d  and  ai  is  the  attenuation 
at  the  id  depth.  Then, 
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There  is  virtually  no  data  available  for  clutter  levels  in  the  frequency  band  of  interest. 
However,  some  clutter  data  has  been  extracted  from  measurements  at  Jefferson  Proving 
Ground  (JPG)  in  the  autumn  of  1994.  These  data  included  the  frequency  band  from  50  to 
750  MHz  and  was  obtained  for  near  grazing  incidence.  The  clutter  levels  were 
approximately  -25  dBsm/m2.  Assuming  the  SAR  processing  can  focus  to  about  a  meter 
square  surface  area  or  less,  then  the  clutter  signal  level  would  be  of  the  order  of  -25  dBsm. 
At  10  MHz,  the  attenuation  factor  is  of  the  order  of  10  dB/m.  Thus,  a  one  meter  deep  one 
square  meter  target  would  produce  a  signal  that  would  exceed  this  clutter  level. 

However,  these  numbers  included  frequencies  up  to  750  MHz  and  our  frequency  range 
is  lower.  Thus,  the  clutter  level  is  further  reduced.  In  future  studies,  the  clutter  obtained 
from  the  JPG  data  is  to  be  evaluated  as  a  function  of  frequency. 
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It  will  not  be  possible  to  generate  completely  realistic  clutter  data  until  additional 
measurements  are  made  on  sites  of  interest  at  the  appropriate  frequency  band. 

5.3  Refraction  Effects 

Due  to  the  high  dielectric  constant  of  soil  relative  to  air,  a  plane  wave  incident  on  the  ground 
is  transitioning  from  a  low  dielectric  constant  to  a  high  dielectric  constant  and,  in  addition  to 
the  loss  resulting  from  the  surface  reflection,  the  wave  in  the  soil  will  be  refracted  toward 
the  vertical. 

Similarly,  the  wave  scattered  by  the  target  is  transitioning  from  a  high  dielectric 
constant  media  to  a  low  dielectric  constant  medium  and  it  will  be  refracted  away  from 
vertical.  In  particular,  if  the  angle  of  incidence  at  the  ground-air  interface  for  the  scattered 
wave  exceeds  the  angle  of  total  reflection,  no  energy  will  be  transmitted  through  the 
interface,  it  will  instead  be  reflected  back  into  the  ground. 

Figure  93  gives  the  angle  in  the  ground  versus  the  free  space  irradiance  angle  for 
various  ground  dielectric  constants.  For  an  er  value  of  9,  which  was  typical  of  JPG  soil  at 
the  surface,  the  angle  ranges  from  0°  at  vertical  incidence  to  a  maximum  of  19.2°  at  grazing 
or  90°. 

For  a  dielectric  constant  of  16  the  maximum  angle  is  14.3°.  These  refraction  effects 
have  several  consequences.  Although  ostensibly  one  could  form  a  synthetic  aperture  as  large 
as  desired  in  free  space,  in  reality  the  target  resolution  improvement  is  limited  by  the  angular 
range  over  which  an  underground  target  is  viewable.  A  point  of  diminishing  returns  is 
reached  where  additional  samples  over  a  longer  flight  path  do  not  improve  the  effective  SAR 
resolution  on  the  target. 

On  the  other  hand,  a  longer  synthetic  aperture  is  useful  in  reducing  the  surface  clutter 
cell  size  and  improving  the  signal- to-clutter  ratio. 


135 


Angle  in  ground,  degrees 


6.0  Resonance  Extraction  and  Target  Discrimination 


6.1  Introduction 


The  complex  natural  resonance  (CNR)  frequencies  of  radar  targets  have  been  shown  to  be 
practical  and  useful  in  target  discrimination.  This  use  of  resonances  was  pioneered  by  Hill 
[1]  in  1970.  The  attractive  features  of  using  the  CNR  frequencies  are  their  independence  of 
the  target  aspect  angle  and  the  small  number  of  characterizing  parameters.  Baum  [2]  and 
Marin  [3]  showed  that  the  impulse  response  of  a  radar  target  can  be  modeled  as  a  summation 
of  a  finite  number  of  damped  sinusoidal  resonances.  This  technique  is  usually  referred  to  as 
the  singularity  expansion  method  (SEM)  since  each  singularity  corresponds  to  a  natural 
resonant  mode  of  the  target  excited  by  the  impulse  radar.  The  original  CNR  concept  and 
formulations  were  derived  in  the  complex  frequency  domain,  however  most  of  the  data  were 
measured  in  the  time  domain.  Much  effort  has  been  directed  toward  applying  the  CNR 
concept  directly  to  the  time-domain  data.  Van  Blaricum  provided  a  systematic  approach  for 
extracting  poles  and  residues  of  the  CNR’s  directly  from  the  target’s  transient  response  using 
Prony’s  method  [4],  [5],  [6].  His  calculated  CNR’s  for  a  dipole  agreed  with  the  well-known 
results  obtained  by  Tesche  [7]  using  the  singularity  expansion  technique.  In  1965  Corrington 
[8]  independently  found  that  the  transient  response  of  a  radar  target  can  be  predicted  by  a 
special  difference  equation.  The  coefficients  in  his  difference  equation  were  obtained  by 
assuming  that  the  Laplace  transform  of  the  target  impulse  response  could  be  represented  in  a 
rational  polynomial  form.  This  technique  turned  out  to  be  closely  related  to  the  SEM. 
Because  his  method  is  applied  to  the  time-domain  data  directly,  it  is  more  attractive  in  terms 
of  real  time  target  detection  and  discrimination.  Bemi  [9]  and  Moffatt  [10]  then  applied  the 
CNR  frequencies  concept  and  the  time- domain  technique  to  real  target  detection  and 
discrimination  by  correlating  the  measured  response  and  the  response  predicted  from  the 
difference  equation.  In  1984,  Morgan  showed  that  the  Laplace  transform  of  the  scattered 
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fields  from  a  radar  target  illuminated  by  an  impulse  radar  was  composed  of  two  parts:  a 
forced  response  and  a  natural  response.  The  natural  response  was  expressed  as  a  simple  pole 
expansion  and  each  pole  corresponds  to  one  natural  resonance  of  the  target. 

The  ElectroScience  Laboratory  at  The  Ohio  State  University  has  been  interested  in 
detecting  and  discriminating  targets  immersed  in  free  space  via  CNR’s  since  the  1970’s.  In 
1975,  Bemi  [9]  modeled  the  late-time  transient  radar  signatures  by  a  summation  of  natural 
frequencies  of  oscillation  and  then  used  them  for  target  identification.  Moffatt  and  Mains 
[10]  introduced  a  time  domain  predictor-correlator  process  to  discriminate  some  thin-wire 
geometry.  In  1976,  Moffatt  and  Chuang  [11]  used  the  Prony  method  to  extract  the  CNR’s 
and  then  used  the  predictor-correlator  process  to  perform  the  target  identification  for  simple 
wire  aircraft  and  some  realistic  aircraft  models.  In  1977,  Moffatt  and  Shubert  [12]  used  a 
rational  function  to  model  the  complex  frequency  responses  of  thin-wire  targets  and  then 
obtained  the  complex  natural  resonances  from  the  poles  of  the  rational  function. 

In  these  earlier  applications,  the  targets  were  measured  in  free  space.  At  about  the 
same  time,  Ohio  State  had  also  developed  GPR  systems  for  subsurface  target  measurement. 
Because  most  subsurface  targets  of  interest  have  simple  geometries,  the  CNR  target 
discrimination  technique  would  be  applicable  to  these  targets.  From  1979  to  1981,  Chan, 
Moffatt,  and  Peters  [13],  [14],  [15]  did  a  series  of  studies  that  applied  the  CNR  and 
predictor-correlator  techniques  to  identify  plastic  mines  and  some  simple  geometric  metallic 
targets  buried  at  shallow  depths.  These  studies  also  showed  that  the  CNR’s  for  buried  metal 
targets  vary  with  the  medium  parameters.  It  was  not  until  1993  that  a  transformation  for 
CNR’s  in  different  homogeneous,  isotropic,  lossy,  and  non-magnetic  media  was  given  by 
Baum  [16].  With  this  transformation,  only  one  database  of  target  CNR’s  obtained  in  free 
space  is  required.  In  1983,  Volakis  and  Peters  improved  the  identification  of  underground 
targets  by  removing  the  undesired  natural  resonances  associated  with  the  antenna  and  various 
form  of  clutter. 
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Since  1990,  ElectroScience  Laboratory  has  been  involved  in  the  detection  and 
identification  of  unexploded  ordnance.  This  report  summarizes  the  data  processing  progress 
achieved  between  1993  and  1994  on  subsurface  target  identification.  The  system  and  antenna 
portions  are  not  included  in  this  section.  The  details  of  these  topics  can  be  found  elsewhere 
in  this  report  and  in  ESL  Technical  Reports  727388-2,  727388-3  and  727388-4.  Prony’s 
method  has  been  further  modified  to  obtain  more  accurate  and  stable  CNR’s  under  low 
signal-to-clutter  and  signal-to-noise  ratio  conditions.  These  conditions  are  discussed  below. 
The  predictor-correlator  process  previously  used  for  target  identification  is  also  re-examined 
below. 


6.2  Extraction  of  Complex  Natural  Resonances  Using  Prony  Model 
Introduction 

The  Prony  method  has  been  widely  used  for  modeling  time-domain  signals  that  can  be 
predicted  by  its  previous-time  information.  It  is  used  to  evaluate  the  poles  that  can  be  used 
to  characterize  the  damped  oscillations.  Although  it  is  well  known  that  the  Prony  method  has 
poor  performance  for  noisy  signals,  it  has  been  chosen  to  extract  the  CNR’s  in  our  data 
processing  due  to  its  efficiency  and  sensitivity.  In  this  chapter,  the  formulation  of  the  Prony 
method  will  be  given  in  the  first  section.  Some  difficulties  in  applying  Prony’s  method  such 
as  unknown  model  order,  low-signal-to-noise  ratio  and  multiple  delays  from  multiple  targets 
are  also  discussed  in  the  following  sections.  Some  techniques,  that  partially  eliminate  the 
problems  and  thus  improve  the  processing  performance,  will  also  be  presented. 

Prony  Model 

Formulations 

The  specific  type  of  function  to  be  discussed  in  this  chapter  has  the  following  form, 
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where  the  sm  are  the  poles  in  the  complex  frequency  plane  and  the  cm  are  their  corresponding 
residues.  The  above  expansion  is  also  often  referred  to  as  a  SEM  because  each  pole  is  also  a 
function  singularity  [2] .  It  is  noted  that  the  sm  should  appear  in  complex  conjugate  pairs 
because  fit)  is  a  real-valued  function.  The  late  time  portion  of  the  impulse  response  of  a 
radar  target  has  been  shown  to  contain  natural  responses  with  the  same  form  asf(t)  [2],  [3], 
[9],  [17].  This  part  of  the  response  is  composed  of  the  natural  resonance  modes  of  the  target 
when  they  are  excited  by  an  impulse  radar.  Each  resonance  mode  is  characterized  by  its 
CNR  frequency,  which  can  also  be  explicitly  expressed  as 

*m  =  «m  +  J2  *frn  (71) 

where  am  and  fm  are  the  damping  factors  and  the  resonance  frequencies  of  the  target  natural 
resonant  modes.  It  should  be  noted  that  the  am  are  non-positive  values  for  stable  systems. 

A  very  attractive  feature  of  CNR’s  is  their  independence  of  the  target  aspect  angle.  The 
residue  corresponding  to  each  mode  is,  on  the  contrary,  a  function  of  the  excitation.  There 
are  two  types  of  CNR’s.  One  is  internal  CNR’s  and  the  other  is  external  CNR’s.  Internal 
CNR’s  occurs  in  cavity  modes  or  dielectric  bodies.  External  CNR’s  occur  in  non-penetrable 
targets  or  perfectly  conducting  bodies.  Note  that  external  resonances  also  exist  in  dielectric 
bodies.  The  internal  type  of  CNR  is  independent  of  the  medium  where  the  target  is  located, 
however,  the  external  type  of  CNR  varies  with  the  properties  of  the  medium.  An  empirical 
relation  was  given  by  Chan  [13]  for  including  medium  effects  on  these  external  CNR’s  for 
long  thin  targets.  More  general  theoretical  analysis  by  Baum  [16]  extended  this  approach  to 
include  all  perfectly  conducting  targets.  He  showed  that  the  CNR  in  any  medium  with 
permittivity  er  and  conductivity  o  can  be  found  from  the  corresponding  CNR  in  free  space 
using  the  following  relation: 
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where  Sa  and  Sj0>  are  the  poles  in  the  medium  and  free  space,  respectively.  The  above 
formula  has  been  shown  to  agree  with  the  measurement  results  for  conducting  pipes  buried  in 
sand  [18]. 


From  the  above  discussion,  one  can  see  the  importance  of  equation  (70) 
in  radar  target  characterization.  The  discrete  version  of  equation  (70)  is  expressed  as 
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where  At  is  the  sampling  period  which  should  be  chosen  such  that  the  Nyquist  sampling 
criteria  is  satisfied  to  avoid  aliasing.  The  effect  of  aliasing  will  be  discussed  in  more  detail 
in  Section  C.  The  above  equation  will  be  written  in  the  following  simpler  form  for 
convenience. 
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The  above  equation  was  solved  by  Prony  in  1795  [19].  It  can  be  shown  that  the  waveform 
satisfying  Equation  (74)  can  also  be  generated  by  the  difference  equation 
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where  the  coefficients  am  can  be  solved  using  the  2N-1  data  points,  fot  f]t  ...,  f2N_,,  and  the 
following  matrix  equation 

In  /n- i  fo  ai  Sn+ i 

/n+i  ./at  fi  _  Jn+ 2 

/tf+(W-l)  fN*(N- 2)  Ar  J  aN\  Sn+N 

If  more  then  2N  points  are  used,  i.e.  the  number  of  rows  is  greater  than  the  number  of 
columns,  one  can  solve  the  above  equation  in  a  least  square  error  sense,  which  is  equivalent 
to  the  covariance  method  of  linear  prediction  in  the  modem  spectral  analysis  [20,21].  As 
will  be  shown  in  the  next  section,  using  more  data  points  can  usually  improve  the  processing 
performance  and  reduce  the  error  by  at  least  12  dB.  Taking  the  Z-transform  of  the  above 
difference  equation,  one  can  easily  show  that  the  coefficients  am  are  also  the  coefficients  of 
the  A/th  order  characteristic  polynomial 

1  +  a^-1  +  a^-2+  ...  +  a^Z~N  =  0.  (78) 

The  roots  of  the  above  equation  then  give  the  poles  Zm=exp(5mAr),  m=  1,  2,  N. 
Using  equation  (74)  the  residues,  cm  can  then  be  found  by  solving  the  matrix  equation 

1  1-1  jk' 

Zj  Z2  -  ZN  c2 

yN- 1  yN- 1  yN~  1 

L\  Z2  LN  J[C1V 

The  above  procedures  used  to  find  the  poles,  Zm,  and  the  residues,  cm  are  usually 
referred  to  as  the  Prony  method.  That  is 
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For  over-determined  systems,  the  singular  value  decomposition  (SVD)  method  and  a 
least  square  error  solution  can  be  used  to  obtain  the  residues.  This  is  usually  referred  to  as 
the  “modified  Prony  method”  which  provides  some  improvement  in  the  presence  of  noise. 


Effect  of  Data  Sampling  Rate 

Assume  that  a  waveform  is  sampled  at  a  period  of  At  and  the  waveform  contains  only  a  pair 
of  complex  conjugate  poles,  Z=exp(a±j2icf)At  whose  positions  on  the  Z-plane  are  shown  in 
Figure  94. 

As  At  varies,  the  distance  between  the  origin  and  the  angle  of  each  pole  will  change 
according  to  Z=exp[(ct  ±  j2ir  f)At],  As  At  keeps  increasing  and  the  sampling  rate  keeps 
decreasing,  two  poles  will  finally  merge  at  the  an  angle  of  180  degrees  where  aliasing  starts 
to  occur.  As  At  increases  further,  two  conjugate  poles  will  “fold”  over.  Because  the 


2-Plane  Pole  Movement  and  Sampling  Rate 


Figure  94  A  pair  of  complex  conjugate  poles,  (0.5±-j0.5),  on  the  Z-Plane. 
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frequency  is  determined  from  the  angle  of  the  pole  on  the  upper  half  plane,  i.e.  positive  theta 
between  0  and  it,  when  the  aliasing  occurs  (the  poles  fold  over)  the  angle  will  decrease  as 
At  increases.  The  result  is  an  apparent  decrease  in  the  frequency,  f-lAt,  instead  of  a 
constant  frequency /.  The  point  where  the  aliasing  starts  is  when  2x/Ar  equals  tt,  i.e., 
fAt=1/2.  Because  the  sampling  rate,  fs,  equals  1/Ar,  the  aliasing  starts  at  fs=2f,  i.e.,  the 
Nyquist  rate. 

Figure  95  shows  the  movement  of  poles  extracted  from  a  damped  sinusoidal 
oscillation,  (a =-0.3,  f=0.3E+9),  using  the  Prony  method.  As  the  sampling  rate  decreases 
from  2  GHz  to  100  MHz,  the  pole  on  the  upper  half-plane  rotates  counter-clockwise  and 
forms  an  inward  going  spiral  locus.  The  conjugate  pole  also  moves  correspondingly.  The 
“fold  over”  points  (fAt=mc)  of  the  poles  are  clearly  seen  in  this  figure  and  are  marked  by 
“P”,  ”Q”,  “R”,  “S”,  etc.  Figure  96  shows  the  resultant  resonance  frequency  (upper-half 
plane)  and  the  damping  factor  (lower-half  plane)  of  the  same  processing.  At  point  P,  the 
sampling  rate  equals  1.2  GHz,  twice  that  of  the  signal  resonance  frequency  (0.6  GHz).  It  is 
interesting  to  observe  that  the  damping  factor  can  still  be  found  correctly  even  from  the 
under-sampled  data  because  it  is  obtained  from  the  distance  between  the  origin  and  the  pole 
and  is  not  affected  by  the  “fold  over”  situation. 


Aliasing  Effect  on  the  Pole  Extraction  (sim/simib.sim) 


Figure  95  Locus  of  extracted  poles  as  a  function  of  the  sampling  rate. 
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Figure  96  Effect  of  aliasing  on  the  extracted  frequency  and  damping  factor 


Aliasing  Effect  on  Pole  Extaction  (sim/sim2c.sim) 
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Figure  97  The  aliasing  effect  in  multiple  CNR’s  signal  processing. 
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In  the  next  example,  a  waveform  generated  by  two  unit- residue  CNR’s  is  processed 
using  the  Prony  method.  The  two  CNR’s  are  (a=-0.3E+9,  f=0.3  GHz)  and  (a=-0.6E+9, 
f=0.6  GHz).  The  results  are  shown  in  Figure  97.  The  primary  resonance  (+)  is  chosen  to 
be  the  one  with  higher  energy.  One  can  see  that  in  order  to  extract  all  the  resonance 
frequencies  correctly,  the  data  need  to  be  sampled  faster  than  the  Nyquist  rate  associated 
with  the  highest  resonance  frequency.  The  correspondent  residues  and  energy  (defined  by 
Moses)  are  also  plotted  in  Figure  98  and  Figure  99,  respectively.  It  is  seen  that  the  residues 
associated  with  each  pole  were  also  found  correctly.  Because  the  primary  (+)  pole  has  a 
smaller  damping  factor,  the  wave  lasts  longer  and  thus  contains  more  overall  energy  as 
shown  in  Figure  99.  As  will  be  shown  later,  this  energy  information  plays  a  very  important 
role  in  separating  the  true  poles  and  the  false  poles  introduced  by  an  over-estimated  model 
order. 


As  one  can  see,  the  Z-plane  concept  is  very  helpful  in  explaining  the  behavior  of  the 
Prony’  processing  and  will  be  used  often  in  this  report. 


Residue  Associated  with  Each  Pole  (sinn/sim2c.sim) 


Figure  98  The  calculated  residue. 
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Noise  Effects  on  Extracted  Poles 

In  the  real  world,  any  measured  signal  contains  noise  that  appears  to  be  random  in  time  and 
has  a  zero  mean  value.  Because  the  noise  signal  cannot  be  modeled  by  a  finite  length  Prony 
model,  it  will  cause  errors  in  the  CNR  extraction  process  and  sometimes  a  rank  deficient 
problem  occurs  if  the  mode  order  is  not  high  enough.  The  purpose  of  this  section  is  to 
discuss  the  calculated  resonance  frequency  and  damping  factor  errors  caused  by  noise. 

White  Gaussian  noise  with  zero  mean  will  be  assumed.  In  general,  GPR  data  are  corrupted 
by  noise,  clutter,  and  interference.  The  undesired  noise  signals  are  Gaussian;  the  clutter  and 
interference  are  probably  not  Gaussian.  The  signal-to-noise  ratio  (SNR)  will  be  defined  as 

SNR  -  10 log, 0  (^amplitude)2  (g3) 

10  2  o2 

where  a2  is  the  variance  of  the  white  Gaussian  noise.  It  should  be  noted  that  for  a  damped 
sinusoidal  oscillation  with  damping  factor,  a,  the  instantaneous  SNR  decreases  at  a  rate  of 
exp(-2o:A/).  Note  also  that  for  undamped  signals,  the  above  definition  becomes  the  same  as 
the  common  definition  using  an  average  power  concept. 


Energy  Associated  with  Each  Pole  (s»m/sim2c^im) 


Figure  99  The  calculated  energy. 
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Data  Length  and  Po^e  Extraction  without  No«se 


Figure  100  The  extracted  CNR  from  data  of  different  lengths.  The  second  order  Prony 
model  was  used. 


Choice  of  Data  Length 

As  mentioned  in  the  previous  chapter,  the  Prony  method  is  applied  in  a  least  square  sense  for 
an  over-determined  system  to  achieve  better  performance  in  the  presence  of  noise.  This  is 
illustrated  by  the  following  example.  A  signal  containing  a  single  CNR  with  a=-0.3E9  and 
/=  0.6  GHz  is  sampled  at  a  rate  of  4.1  GHz  (or  a  0.243  ns  time  step).  The  Prony  method  is 
used  to  extract  the  CNR’s  from  different  data  lengths.  That  is,  each  segment  starts  from 
time  zero  but  has  a  different  number  of  points.  The  model  order  is  fixed  at  two  in  all  cases. 
The  results  are  shown  in  Figure  100.  As  one  can  see,  the  CNR  is  obtained  correctly  for  all 
lengths.  Next,  zero  mean,  white,  Gaussian  noise  is  added  to  the  previous  signal  such  that 
the  SNR  equals  10  dB.  The  new  results  are  shown  in  Figure  101  where  twenty  noisy 
waveforms  are  processed  and  overlaid  together  as  the  length  is  increased.  For  longer  data 
lengths,  the  variations  of  the  calculated  frequency  and  the  damping  factor  are  reduced.  This 
reduction  is  achieved  by  solving  the  over-determined  system  in  the  least  square  error  sense. 

It  is  noted  that  the  variation  in  the  damping  factor  is  almost  five  times  greater  than  that  of  the 
frequency.  This  number  varies  with  the  pole  position  in  Z-plane  as  shown  by  Steedly  and 
Moses  [23].  They  also  showed  that  both  variations  decrease  when  the  poles  are  close  to  the 
unit  circle,  i.e.,  |Z|  =  1. 
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Figure  101  The  extracted  CNR  from  data  of  different  length  in  zero  mean  white  Gaussian 
noise  with  SNR  of  10  dB,  At  of  10.243,  model  order  2. 


Multiple  Waveform  Average 

It  is  also  interesting  to  observe  the  variation  of  the  extracted  damping  factor  and  frequency 
with  different  SNR  values.  This  variation  is  shown  in  Figure  102.  Twenty  processed  results 
were  overlayed.  Because  white,  zero-mean,  Gaussian  noise  has  been  assumed,  averaging 
over  more  waveforms  can  be  expected  to  improve  the  signal  to  noise  ratio.  Figure  103  plots 
the  average  values  of  20  processes.  It  is  seen  that  the  variations  are  greatly  reduced  and  the 
errors  are  less  than  10  percent  even  for  5  dB  SNR.  Of  course,  the  price  paid  here  is  the 
additional  measurements  and  additional  computation  time. 


Autocorrelation 

It  is  well  known  that  autocorrelation  can  reduce  uncorrelated  white  noise.  In  the 
autocorrelated  waveform,  the  noise  appears  as  an  impulse  at  t=0  and  can  be  removed  by 
ignoring  points  around  t=0.  This  procedure  is  illustrated  in  the  following  example  where  the 
noisy  data  was  first  autocorrelated  before  CNR  extraction  and  then  processed  using  the  r>0 
portion  of  the  data.  The  results  are  plotted  in  Figure  104.  When  compared  with  Figure  102, 
less  variation  in  both  the  frequency  and  the  damping  factor  are  observed  at  lower  SNR.  For 
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SNR  greater  than  10  dB  the  reduction  is  not  significant.  It  is  also  noticed  that  the  damping 
factor  is  biased  toward  a=0  as  the  SNR  decreases. 


It  has  not  been  shown  that  the  autocorrelation  process  preserves  the  poles.  This  will 
be  shown  in  the  following  discussions.  The  autocorrelation  function  for  a  discrete  signal 
x[n],  (n=0,  1,  is  defined  as 


rt=AT-l-|*rj 

E  *m**m 


rjk)  - 


n=0 


n=N-l 

E  M»]|! 

7*=0 


(82) 


Now,  let  x(t)  be  a  continuous,  damped  sinusoidal  signal  containing  only  one  pole,  s=a+jo>, 
a<0,  i.e. 


Prony  Method  Pole  Extraction  in  Gaussian  Noise 


20  25  30 

SNR  (dB) 


Figure  102  The  extracted  CNR  variation  in  zero  Mean  white  Gaussian  noise  of  different 
SNR.  Twenty  noise  realizations  are  overlayed.  The  second  order  Prony  model  was  used. 
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x(t )  =  ceau(t). 


(83) 


The  autocorrelation  function  of  x(t)  can  then  be  found  to  be 


rJ*)  = 


(84) 


It  is  clear  that,  for  r>  0,  r„  has  the  same  pole  as  x (t).  That  is,  autocorrelation 
preserves  poles.  However,  the  residue  associated  with  the  pole  is  modified.  Generally 
speaking,  higher  harmonics  from  a  radar  target  have  larger  target  damping  factors,  a. 
Therefore,  the  autocorrelation  process  tends  to  further  weaken  the  higher  harmonics  and 
weaker  poles  (small  |c|). 

A  more  general  x(t)  containing  two  poles  is 

x(t)  =  cxev  w(r)  +  u(t-d),  (85) 


Extracted  CNR  Averaged  Over  20  White  Noise  Realizations 


Figure  103  The  averaged  CNR  from  twenty  noise  realizations.  The  second  order  Prony 
model  was  used. 
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Extracted  CNR  of  Autocorretated  Data  in  White  Noise 
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Figure  104  The  extracted  CNR  using  autocorrelated  data  in  the  presence  of  white  noise 
(twenty  realizations).  The  second  order  Prony  model  was  used. 


where  d>0  is  the  delay  of  the  second  signal.  After  some  manipulation,  one  can  obtain 


rjx)  =  [ 


clcl 

2  (sx+Si) 


ci c2  ]  g*iT  +  [ 

2(5j+52)  2(5,+^) 


2(S1+<S2*) 


]  f 


(86) 


=  AeSl*  +  Be for  x>d. 


Again  the  poles  have  been  preserved  in  the  autocorrelation  process  but  the  residues 
have  also  been  modified. 
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Summary 

In  this  section,  we  have  discussed  some  of  the  noticeable  effects  of  Prony  processing  in  the 
presence  of  white  noise.  The  variations  in  the  extracted  damping  factor  and  resonance 
frequency  are  significant  for  SNR  greater  than  15  dB.  It  was  also  shown  that  averaging 
more  waveforms  greatly  reduces  these  variations  and  provides  accurate  CNR’s  for  signal-to- 
noise  ratios  as  low  as  5  dB.  It  should  be  noted  that  the  various  curve  smoothing  techniques, 
used  in  some  situations  when  noise  is  present,  cannot  be  applied  here.  It  was  found,  but  not 
mentioned,  that  the  damping  factor  is  severely  biased  after  smoothing.  Although  the 
autocorrelation  technique  can  also  reduce  some  variations,  it  biases  the  damping  factor.  It 
should  be  noted  that  a  second  order  Prony  model  was  used  to  extracte  the  CNR’s  for  all 
cases  in  this  section  because  the  number  of  poles  was  known  a  priori.  However,  in  real 
applications,  the  order  of  the  model  needs  to  be  determined  first.  The  presence  of  the  noise 
also  causes  difficulties  in  finding  the  correct  model  order.  This  situation  will  be  discussed  in 
the  following  section. 

Model  Order  Selection 

The  first  difficulty  one  meets  in  applying  the  Prony  method  is  to  determine  the  order  of  the 
model.  This  determination  requires  the  knowledge  of  the  number  of  significant  CNR’s 
contained  in  the  data.  For  some  cases,  one  may  have  a  very  good  guess  but  this  is  usually  a 
trial-and-error  process.  If  the  model  order  is  underestimated,  the  resulting  CNR’s  will  be 
incorrect.  On  the  other  hand,  over-estimation  will  create  extraneous  poles.  Because  the 
Prony  method  is  closely  related  to  linear  prediction  using  autoregressive  (AR)  and 
autoregressive  moving  average  (ARMA)  models  [20,21],  the  criteria  developed  for  selecting 
the  AR  and  ARMA  model  order  may  be  applied.  Some  important  criteria  are  the  final 
prediction  error  (FPE)  by  Akaike  [24],  Akaike  information  criterion  (AIC)  [25]  and  criterion 
autoregressive  transfer  (CAT)  by  [26],  etc.  However,  for  short  data  lengths,  none  these 
criteria  work  well  and  some  may  tend  to  underestimate  the  order,  as  shown  by  Ulrych  and 
Clayton  [27].  Two  other  methods  have  been  used  to  select  the  order  of  Prony  model,  which 
have  been  found  to  work  reasonably  well.  The  first  method  is  the  eigenvalue  method  by  Van 
Blaricum  [6].  In  this  method,  the  model  order  is  found  from  the  number  of  significant 
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eigenvalues  of  a  correlation  matrix  formed  by  the  sampled  data.  The  eigenvector  associated 
with  the  minimum  eigenvalue  gives  the  coefficients  of  the  difference  equation.  A  similar 
method  was  also  used  by  Pisarenko  [28].  Moses  [22]  calculated  the  energy  associated  with 
each  pole  and  then  selected  the  high  energy  ones.  Using  the  expression  in  equation  (76),  the 
energy  P{  associated  with  the  pole  Zk  is  defined  as 

N  1 -c?n 

p,  -  E  k&r  ■  k,l2  <90> 

M  1  -C, 

Both  the  eigenvalue  and  the  energy  methods  start  by  using  a  large  model  order  and 
then  determine  the  order  by  comparing  the  eigenvalue  or  the  energy  with  a  designated 
threshold.  These  two  methods  also  give  some  physical  insight  into  the  problem. 

The  main  purpose  of  this  section  is  neither  to  compare  nor  to  re-derive  different 
techniques  for  model  order  selection.  It  is  to  examine  the  effects  of  improper  order 
selection.  Therefore,  in  the  following  discussion,  the  eigenvalue  and  energy  methods  will  be 
used  to  study  the  effects  of  over-estimation  and  under-estimation  of  the  model  order.  We 
will  start  with  a  calculated,  noise  free,  damped,  complex  exponential  sequence  with 
a=-0.3E+9,  /=  0.6  GHz,  and  Ar=0.486  ns.  After  studying  the  behavior  of  the  extraneous 
poles  and  underestimated  poles,  white  noise  will  be  added  to  the  signal. 

Model  Order  Selection  for  Noise  Free  Cases 

Model  order  selection,  is  in  general,  a  difficult  task,  especially  for  a  low  SNR  environment. 
Even  for  high  SNR  cases,  improper  model  order  also  presents  problems  in  interpreting 
results.  In  this  section,  a  noise  free  signal  will  be  considered.  The  noisy  case  will  be 
discussed  in  the  following  section.  In  general,  under-estimating  model  order  will  result  in 
incorrect  poles  and  over-estimating  will  produce  extraneous  poles  in  addition  to  the  true 
poles.  These  situations  will  be  illustrated  in  the  following  example.  Assuming  that  the  poles 
in  simulated  data  set  are  to  be  extracted  using  SVD  Prony’s  method  with  the  number  of  the 
principle  eigenvectors  equal  to  the  model  order.  The  data  have  25  points  and  contains  two 
complex  poles  (j1=-0.1+j27r(0.52),  s2=-0.2+j27r(0.42))  and 
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jc[/i]  =  eSxn  +  e^,  n=  0,1,... ,24. 


(89) 


Different  model  orders  were  chosen  to  process  the  data.  The  extracted  poles  (left  hand 
side)  and  the  magnitude  of  the  associated  residues  (right  hand  side)  are  shown  in  Figure  105. 
One  can  see  that,  as  the  model  order  increases,  extraneous  poles  appear  along  with  the  two 
true  poles. 


Two  interesting  observations  can  be  made  here.  First,  from  the  pole  locations,  it  is 
possible  to  identify  the  true  poles  by  choosing  two  different  overestimated  model  orders  and 
pick  the  common  poles.  Second,  the  magnitude  of  the  residues  associated  with  the  true  poles 
are  much  greater  than  those  associated  with  the  extraneous  poles,  and  thus  provide  another 
possible  way  to  identify  true  poles.  For  example,  on  the  right  hand  side  of  Figure  105,  one 
can  see  that  there  are  two  dominant  residues.  Therefore,  one  can  estimate  the  model  order 
to  be  2  and  reprocess  the  data  to  remove  the  extraneous  poles,  as  shown  in  the  top  figure.  It 
should  be  noted  that  the  first  method  requires  multiple  processing  while  the  second  method 
becomes  less  efficient  when  noise  is  present. 


A  model  order  selection  criterion  related  to  the  residue  magnitude  is  given  in  [22] 
where  the  energy  associated  with  pole  zm  is  defined  as 


Pm  =  lC« 


i-kJ2’ 


(90) 


with  cm  the  associated  residue  and  N  the  model  order.  The  eigenvalue  method  provides 
another  alternative  for  model  order  estimation  [6].  In  terms  of  model  selection,  all  these 
methods  work  equally  well  for  noise  free  signals.  Note  that  more  data  points  can  also 
improve  the  ability  to  identify  true  poles  by  reducing  the  relative  residue  magnitude 
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associated  with  extraneous  poles.  This  concept  is  illustrated  in  Figure  106  where  50  data 
points  were  used. 

Model  Order  Selection  in  White  Gaussian  Noise 

In  this  section,  random  noise  with  a  Gaussian  distribution  is  added  to  the  previous  simulation 
signal.  The  effect  of  noise  on  the  model  order  selection  will  be  examined  for  different  SNR 
levels  (20  dB,  10  dB,  5  dB,  and  0  dB).  Model  order  selection  based  on  the  residue 
magnitudes,  energy  and  eigenvalue  methods  will  be  compared. 

The  following  processing  is  done  using  50  independent  random  noise  realizations  and 
an  8th  order  model.  Note  that  the  number  of  principal  eigenvectors  in  the  SVD  method  is 
first  set  to  be  the  same  as  the  model  order  because  the  order  is  not  a  known  a  priori.  The 
processed  results  are  shown  in  Figure  107  in  dB  where  the  left  hand  side  plots  the  overlay  of 
poles  found  in  50  realizations  and  the  right  hand  side  plots  the  residue  magnitude,  energy  and 
eigenvalues  of  each  pole  averaged  over  50  realizations.  By  comparing  these  pole  plots  with 
the  ones  in  Figure  105,  one  finds  that  the  effect  of  the  extraneous  poles  are  to  make  it 
extremely  difficult  to  identify  the  true  poles,  despite  the  true  poles  tending  to  have  smaller 
variance  than  the  extraneous  poles.  Note  that  the  variance  of  the  poles  depend  on  their 
locations  in  the  complex  plane,  as  shown  by  Moses  [23].  On  the  right  hand  side,  it  is  also 
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Figure  106  Poles  extracted  using  SVD  Prony  method  with  order  of  ten  and  50  data  points. 


157 


Figure  107  Poles  extracted  and  model  order  selection  from  a  noisy  signal. 
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noted  that,  for  SNR  less  than  10  dB,  the  differences  in  the  magnitudes  of  the  residues, 
energy,  and  eigenvalues  are  no  longer  obvious.  In  this  case,  all  three  methods  fails  to 
estimate  the  model  order.  If  one  “guesses”  the  model  order  to  be  2,  then  the  poles 
variances  can  be  largely  reduced  by  choosing  two  principal  eigenvectors  in  the  SVD  Prony’s 
method.  This  situation  is  illustrated  in  Figure  108.  It  should  be  noticed  that  the  model  order 
must  be  chosen  larger  than  the  number  of  true  poles,  due  to  the  presence  of  noise. 

Running  Window  Technique 

The  Prony  model  assumes  that  the  signal  can  be  represented  by  the  summation  of  a  finite 
number  of  complex  exponentials.  For  most  radar  targets,  the  impulse  response  contains  both 
the  forced  response  and  the  natural  response.  The  former  dominates  the  earlier  time  portion 
of  the  received  signal.  The  latter  is  due  to  the  target’s  CNR’s,  which  contain  complex  poles 
and  can  be  well  modeled  by  the  Prony  model.  Theoretical  proof  of  the  above  observations 
has  been  given  by  Morgan  [17].  Similar  observations  have  also  been  discussed  in  other 
papers,  [14,  9,  23].  Because  the  CNR’s  of  a  target  are  independent  of  target  aspect,  they 
can  be  used  to  characterize  the  target  for  identification  and  discrimination  purposes.  It  is 
desirable  to  avoid  the  early-time,  forced  response-dominated  signals  to  achieve  greater 
spectral  dynamic  range  and  sensitivity  in  detecting  resonance  peaks.  This  avoidance  is  also 
required  by  the  nature  of  the  Prony  model.  Therefore,  only  the  later  time  portion  of  the  data 
is  used  in  pole  extraction.  However,  this  portion  of  a  signal  usually  suffers  from  poor 
signal-to-noise  and  signal-to-clutter  ratios.  This  situation  has  become  one  of  the  major 
difficulties  in  applying  the  Prony  method  to  measured  data.  Another  difficulty  related  to  the 
previous  one  is  the  multiple  target  case.  In  this  case,  more  than  one  impulse  response  is 
received  at  different  times.  These  were  introduced  by  cable  mismatch,  antenna  ringing, 
different  target  depths,  and  so  on.  Because  the  Prony  model  itself  also  assumes  that  all  the 
complex  exponentials  start  at  time  zero,  this  situation  presents  some  problems.  As  observed 
by  Bemi,  it  is  necessary  to  choose  a  starting  time  point  where  all  the  CNR’s  have  been 
excited. 
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Figure  108  Reduction  of  pole  variance  by  choosing  the  right  number  (2  in  this  case)  of 
principal  eigenvectors. 
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A  running  window  technique  similar  to  that  used  in  the  common  time-frequency 
distribution  (TFD)  technique  has  been  developed  to  alleviate  these  problems.  First,  the 
sampled  data  is  truncated  from  the  maximum  response  position  by  a  window  running  through 
the  rest  of  the  waveform.  Then  the  window  is  shifted  and  the  process  is  repeated.  After  this 
processing,  the  resonance  components  contained  in  each  window  are  examined.  If  the 
maximum  number  of  poles  of  interest  is  N,  then  each  window  must  have  at  least  IN  data 
points.  Some  features  of  this  technique  are  summarized  as  follows: 

1.  Smaller  window  sizes  provide  better  resolution  for  showing  details  of  CNR 
migration  and  better  isolation  between  multiple  impulses. 

2.  Larger  window  sizes  give  more  stable  results  in  the  presence  of  noise. 

3.  The  window  will  automatically  stop  when  the  variance  of  pole  distributions  exceeds 
the  preset  limit  to  avoid  the  low  signal-to-noise  and  signal-to-clutter  ratio  tail  region. 

4.  For  multiple  targets  with  little  isolation,  one  can  process  the  data  backward  from  a 
designated  tail  point. 

5.  The  migration  of  each  resonance  may  reveal  important  physical  insights. 

The  following  example  illustrates  the  above  features.  A  simulated  waveform  shown  in 
Figure  109  containing  two  damped  complex  exponentials  or  CNR’s  is  to  be  processed.  The 
two  CNR’s  are  characterized  by  (aa=-0.5E+9, /a=0.5  GHz)  and  (ab=-0.3E+9, 

/b=0.3  GHz),  respectively.  One  of  the  CNR’s  is  excited  5  ns  later  than  the  first  one.  The 
second  one  also  has  a  residue  twice  that  of  the  first  one.  This  waveform  cannot  be  processed 
by  the  original  Prony  model.  If  one  decides  to  process  it  anyway,  one  will  get  the  result 
shown  in  Figure  110.  As  expected,  the  results  are  wrong!  If  one  now  processes  the  data  in 
the  5  ns  to  30  ns  segments  where  both  signals  have  been  excited,  one  can  obtain  the  correct 
results,  as  shown  in  Figure  111. 
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Next,  the  running  window  technique  is  applied  to  the  waveform.  Because  the  two 
impulses  are  only  5  ns  apart,  the  first  few  forward  running  windows  may  lead  to  the  same 
problem.  Therefore,  the  backward  running  window  was  chosen.  A  5  ns  window  size  (or 
10  points)  is  used  and  the  center  of  the  window  is  shifted  backward  from  30  ns  in  one  point 
steps  (or  0.5  ns).  The  CNR’s  were  obtained  correctly,  as  shown  in  Figure  112.  Note  that 
the  program  automatically  stopped  when  it  passed  the  5  ns  time  position  where  the  Prony 
model  started  to  fail  and  many  false  poles  were  generated.  This  situation  suddenly  increased 
the  total  variance  of  the  pole  positions  and  the  threshold  set  by  the  user  forced  the  program 
to  stop.  Otherwise,  the  result  would  contain  many  false  poles. 

A  time-frequency  representation  of  the  magnitudes  of  residues  or  the  damping  factor  is 
also  used  with  a  forward  running  window.  The  gray  levels  in  Figure  113  and  Figure  114 
represent  the  magnitude  of  the  residue  and  positive  damping  factor,  a*lE+9,  respectively. 

It  is  clear  that  the  results  are  unstable  close  to  the  5  ns  position.  Away  from  that  critical 
region  the  frequencies,  damping  factors,  and  the  residues  were  accurately  obtained.  It  is 


Figure  109  A  simulated  waveform  containing  two  damped  exponentials  excited  at  different 
time  positions.  The  residue  associated  with  each  CNR  is  1  and  2,  respectively. 
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Complex  Pole  of  TwoDampedSinsoids  in  ***  L=6,  Threshhold=0  (sim:sim3d.sim) 
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Figure  110  Extracted  CNR’s  using  the  data  segment  between  0  ns  and  30  ns  and  the  6th 
order  Prony  model. 
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Complex  Pole  of  TwoDampedSinsoids  in  ***  L=4,  Threshhold=0  (sim:sim3d.sim) 
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Figure  111  Extracted  CNR’s  using  the  data  segment  between  5  and  30  ns  and  the  fourth 
order  Prony  model. 


164 


Complex  Pole  of  TwoDampedSinsoids  in  ***  L=4,  Threshhold=0  (sim:sim3d.sim) 
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Figure  112  Extracted  CNR’s  for  data  segment  between  0  and  30  ns  using  5  ns  backward 
running  window  and  the  fourth  order  Prony  model. 
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Residue  of  TwoDampedSinsoids  Iterative  PRONY  (4)  W=4ns  (sim:sim3d.sim) 
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Figure  113  Time-frequency  representation  of  CNR’s  for  data  segment  between  0  and  30  ns 
using  4  ns  forward  running  window  and  4th  order  Prony  model. 
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Damping  Factor  of  TwoDampedSinsoids  Iterative  PRONY  (4)  W=4ns  (sim:sim3d.sim) 


0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  0.45  0.5  0.55 

Magnitude 


Figure  114  Time-frequency  representation  of  CNR’s  for  data  segment  between  0  and  30  ns 
using  4  ns  forward  running  window  and  4th  order  Prony  model. 
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interesting  to  note  that  the  strength  of  each  resonance  decays  as  time  increases,  however,  the 
damping  factor,  which  is  not  time  dependent,  remains  constant. 

The  Iterative  Prony  (IP)  Method 

As  discussed  in  the  previous  section,  the  Prony  method  will  fail  when  there  are  multiple 
impulses  excited  at  different  time  positions.  This  failure  occurs  because  the  model  requires 
all  the  damped  complex  exponentials  start  at  time  zero.  Unfortunately,  this  assumption 
cannot  be  satisfied  for  multiple  targets  or  for  a  large  target  having  different  natural 
resonances  from  different  parts  of  the  body.  This  problem  can  be  partly  solved  by  using  the 
following  new  technique. 

The  iterative  Prony  (IP)  method,  is  designed  to  improve  the  performance  of  the 
common  Prony  method  (or  modified  Prony  method)  in  the  presence  of  multiple  CNR’s  from 
a  single  target  or  from  multiple  targets.  It  will  extract  the  most  dominant  CNR,  the  CNR 
having  the  largest  residue  amplitude,  and  remove  it  from  the  original  waveform  by 
subtraction.  The  new  waveform,  with  its  most  dominant  CNR  removed,  is  then  searched  for 
the  peak  response  to  determine  the  new  starting  point.  The  data  after  this  new  starting  point 
from  the  new  waveform  are  then  used  to  search  for  its  most  dominant  CNR.  These  same 
procedures  are  iterated  until  the  number  of  CNR’s  found  meets  the  specified  model  order. 

The  order  is  often  chosen  higher  than  the  number  of  true  target  CNR’s.  An  energy  threshold 
is  then  used  to  select  the  high  energy  CNR’s  as  discussed  earlier.  It  is  noted  that  the  IP 
method  discussed  here  processes  the  whole  waveform  without  using  a  running  window.  Of 
course,  both  techniques  can  be  combined  to  deal  with  long  signals. 

In  order  to  illustrate  this  IP  method,  the  same  example  used  in  the  previous  section  will 
be  used.  Recall  that  the  waveform  was  composed  of  two  CNR’s  excited  at  5ns  time 
separation.  Also  recall  that  the  results  shown  in  Figure  110  were  incorrect.  After  using  the 
IP  method,  it  will  be  shown  that  both  CNR’s  are  correctly  extracted.  Figure  115  shows  the 
part  of  waveform  to  be  processed  in  each  iteration.  The  original  waveform  is  also  plotted  as 
a  dotted  line.  The  final  extracted  damping  factors  and  resonance  frequencies  are  shown  in 
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The  Begining  Waveform  (Solid  Line) 


Time  (ns) 


Figure  115  The  waveform  to  be  processed  in  each  iteration  (solid  line)  overlayed  with  the 
original  waveform  (dotted  line)  using  the  IP  method. 
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Frequency  (GHz) 


Complex  Poles  Extracted  from  Two  Damped  Sinusoids  Oscillations  (L=4) 
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Figure  116  The  final  extracted  CNR’s  using  the  IP  method. 


Figure  116.  As  one  can  see,  both  CNR’s  have  been  accurately  obtained. 

In  the  previous  example,  the  strongest  peak  occurs  at  later  time  and  the  whole 
waveform  for  the  first  iteration  is  dominated  by  it.  This  situation  occurred  by  chance.  Next, 
the  time  position  of  the  two  CNR’s  are  reversed  to  form  another  new  waveform.  This  case 
is  obviously  more  challenging  because  the  waveform  for  the  first  iteration  will  start  from 
time  zero  and  contains  the  second  CNR,  which  is  significant  in  the  later  time  portion.  The 
results  are  shown  in  Figure  117  and  Figure  118.  Indeed,  the  final  waveform  is  not  as  clear 
as  the  previous  case,  however,  both  CNR’s  are  still  obtained  accurately.  As  one  might 
expect,  if  the  second  CNR  has  a  stronger  amplitude  then  the  results  will  be  poorer.  In  this 
case,  one  can  start  the  iteration  from  the  second  peak  where  both  CNR’s  have  been  excited. 
This  situation  was  discussed  in  the  previous  section. 

A  very  useful  new  iterative  Prony  (IP)  technique  was  introduced  in  this  section.  The 
improvement  in  CNR  extraction  under  multiple  impulse  situations  was  illustrated.  The  IP 
method  can  easily  be  combined  with  the  existing  Prony  routine  and  the  running  window 
technique. 

CNR  Resolution 

For  ideal  signals  that  fit  into  the  Prony  model  and  contain  no  noise,  the  extracted  poles  will 
be  of  a  fixed  point  in  the  complex  Z-plane,  i.e. ,  infinite  resolution.  If  the  signal  contains 
white  noise,  the  pole  resolution  is  limited  by  the  variance  of  the  pole  position.  Statistically, 
the  Cramer-Rao  bound,  which  provides  the  upper  bound  of  variance  for  a  given  model  and 
SNR,  can  be  used  to  define  the  resolution.  The  Cramer-Rao  bounds,  for  pole  and  residue 
estimates  of  damped  exponential  signals  in  white  noise  using  the  Prony  method,  have  been 
obtained  by  Moses  [23].  He  shows  that  the  variances  of  the  angle,  lirfAt,  and  amplitude, 
exp(-aAt),  of  each  pole  or  CNR  extracted  using  the  modified  Prony  method  are  independent. 
Furthermore,  the  normalized  variances  of  pole  angle  and  amplitude  are  equal.  This  natural 
bound  of  angle  and  amplitude  variances  in  white  Gaussian  noise  determines  the  resolution  of 
the  extracted  poles  using  the  Prony  method.  From  the  same  study,  it  was  shown  that  the 
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Figure  117  The  waveform  to  be  processed  in  each  iteration  (solid  line)  overlayed  with  the 
original  waveform  (dotted  line)  using  the  IP  method. 
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Frequency  (GHz) 
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Figure  118  The  final  extracted  CNR’s  using  the  IP  method. 
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resolution  is  higher  for  pole  locations  close  to  the  unit  circle  |  Z  |  =  1 .  But,  it  should  be 
noted  that  since  the  combination  of  extraneous  poles  and  noise  will  produce  many  poles  near 
to  the  unit  circle  ,  true  poles  are  difficult  to  identify  in  this  region. 

Summary 

In  this  chapter,  CNR  extraction  techniques  have  been  closely  examined.  The  basic 
formulation  were  given  in  both  matrix  and  difference  equation  forms.  Some  difficulties 
related  to  the  Prony  method,  such  as  under-sampling,  model  order  selection,  multiple  delayed 
signals,  and  noise  effects,  have  been  studied.  New  techniques  have  also  been  introduced  to 
overcome  some  of  the  above  difficulties.  The  final  modified  Prony  subroutine  appears  to  be 
able  to  work  under  less  restrictions  and  give  more  accurate  and  stable  results. 

6.3  Time-Domain  Discrimination  Using  Complex  Natural  Resonances 

Prediction  of  Waveform  Using  CNR  Information 

It  is  well  known  that  the  transient  response  of  a  linear,  time-invariant  lumped-constant  circuit 
can  be  obtained  from  its  singularities  and  the  associated  complex  residues  by  using  the  SEM: 

x(t)  =£  ckev,  nO  (93) 

k 

where  sk  is  the  singularity  in  the  complex  s-plane  and  ck  is  the  complex  residue  associated 
with  each  singularity.  In  general,  each  singularity  can  be  expressed  as  a+]2irf,  which 
corresponds  to  a  simple  pole  in  the  5-plane.  For  a  realizable  and  stable  system,  a  is  non¬ 
positive  and  the  number  of  poles  is  finite.  Thus,  equation  (93)  is  equivalent  to  saying  that 
the  impulse  response  can  be  expressed  as  a  summation  of  a  finite  number  of  exponential 
sinusoids. 

For  discrete  data  that  are  sampled  from  the  continuous  data  by  satisfying  the  Nyquist 
criteria,  equation  (93)  can  be  rewritten  as 
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(94) 


*(«) =  E  ckzk 

*= i 

where  zk=exp{5*Ar}  and  At  is  the  sampling  time  step.  It  is  easy  to  show  that  a  system 
characterized  by  the  above  equation  has  the  following  characteristic  polynomial 

aQ  +  fljZ'1  +  ^z'2  +  -  +  aNz'N  =  0  (95) 

where  a0=l  and  zu  z2,  ....  zN  are  the  N  complex  roots.  Because  this  is  a  real  variable 
system  the  roots  are  in  complex  conjugate  pairs.  By  applying  the  inverse  Z-transformation  to 
the  above  equation,  one  can  show  that  the  x(n)  can  predicted  from  past  values.  That  is 

N 

x (»)  =  -  ^  a^in-k).  @6) 

k= 1 


Note  that  one  can  also  derive  the  above  equations  in  a  reversed  fashion  by  starting 
from  the  above  difference  equation  as  done  in  references  [8]  and  [10]. 

Predictor 

Equation  (94)  can  be  solved  to  find  the  poles  sk  and  the  residues  ck  by  using  the  Prony 
method.  It  should  be  noted  that  special  treatment  and  some  modifications  need  to  be 
incorporated  in  the  Prony  method  for  practical  situations  such  as  noisy  signals,  unknown 
model  order,  and  multiple  targets.  These  details  have  been  discussed  previously.  For  now, 
we  will  assume  that  the  exact  poles  have  been  obtained  and  stored  in  a  data  base. 

The  next  step  is  to  find  the  coefficients  {aJt  a2, ...,  aN}.  This  search  can  be  easily 
performed  using  equation  (95).  Once  the  coefficients  are  found,  one  can  use  equation  (96)  to 
predict  (or  extrapolate)  the  impulse  response  for  the  later  time  from  the  measured  early  time 
data.  Equation  (96)  will  be  called  the  predictor  of  the  system  and  will  be  actually  used  to 
construct  the  waveform  from  known  complex  poles. 


175 


Figure  119  Comparison  between  the  predicted  and  original  data.  The  data  contains  poles  at 
(-0.3e9,  0.3e9). 


Figure  119  compares  the  predicted  waveform  (solid  line)  and  its  original  waveform 
(dotted  line)  by  using  the  technique  described  above.  One  can  see  that  the  original  data  have 
been  correctly  predicted  using  the  early  time  data  points  (non-overlapping  section).  The 
waveform  was  generated  using  only  one  CNR  pair.  It  should  be  noted  that  we  have  assumed 
a  noise-free  environment  and  the  order  of  the  system  is  also  known  a  priori. 

Correlator  for  Target  Identification 

The  predictor  discussed  in  the  previous  section  can  be  used  to  reconstruct  a  target  waveform 
using  target  CNR’s  and  early  time  data.  The  reconstructed  waveform  can  then  be  compared 
with  the  measured  waveform  for  target  discrimination.  A  time-domain  target  discrimination 
technique  to  be  discussed  here  was  developed  by  Chan  et  al  [13].  The  discrimination  of 
targets  is  based  on  a  single  number,  the  correlation  coefficient,  defined  as 
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(95) 


P  (T)  -  - 

E  (^2«s^r)  ♦  xl(t,*nT)) 

n= 0 

where  xp  and  xm  are  the  predicted  and  measured  data  in  the  overlapping  time  section.  Note 
that  in  the  following  sections  the  “measured  waveform”  is  actually  a  simulation  rather  than  a 
real  measurement,  however,  for  discussion  purposes,  we  will  still  refer  to  the  simulated 
waveform  as  a  “measured  waveform”.  The  start  time,  ts  is  where  the  overlapping  begins 
and  is  normally  chosen  to  avoid  significant  forced  response.  The  last  time  point,  ts+MT,  is 
chosen  such  that  the  signal  to  noise  ratio  (SNR)  is  still  good  enough  to  provide  accurate 
prediction  (usually  above  15  dB).  Details  regarding  the  choice  of  starting  and  ending  points 
are  discussed  later.  The  parameter  T  is  the  time  step  used  to  reconstruct  the  data  from  a 
known  CNR.  Note,  that  for  perfect  prediction  where  xm  equals  xp  ,  p(T)  equals  1  for  any  T. 
The  denominator  is  the  trace  of  the  covariance  matrix  and  the  numerator  is  the  sum  of  the 
diagonal  terms  in  the  covariance,  p  is  a  measure  of  similarity  between  two  set  of  data.  It  is 
more  obvious  if  one  uses  1-p  as  a  measure  of  the  difference  between  measured  and  predicted 
waveforms  then 


1  -  p(7)  =  -  (96) 

52  (Xp(ts+nT)  *  xfa+nT)) 

B=0 


The  behavior  of  the  above  correlator  function  and  the  effect  of  random  white  noise  will 
be  discussed  in  the  next  few  sections.  It  will  be  shown  that  this  correlator  can  be  used  as  a 
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discriminator  for  target  identification  under  certain  conditions.  This  correlator  is  less 
sensitive  to  the  variance  of  the  damping  factors  and  is  affected  by  the  presence  of  noise. 


Effect  of  White  Noise 

Let  the  measured  waveform,  the  true  target  response  and  the  random  white  noise  (mean=0 
and  variance =<r2)  be  denoted  as  xji),  x,(i),  and  n(i),  respectively.  Also  define  the  mean 
value  of  an  Appoint  discrete  random  variable  f(i)  to  be 


N 


mm  *  i  zm. 

N  ,-=i 


(97) 


Then  one  immediately  knows  that  E[«]=0  and  E[n2]=p2.  Assuming  that  the  target 
contains  LI 2  complex  conjugated  pole  pairs,  {(z1;  zf),  (zLn,  zu 2*)}»  and  using 

equation  (92),  one  can  express  x,(i)  and  xji)  as 

xt(i)  =  £  (ckzk  +  ck(zk)%  ( 

*= 1 


xji)  =  xfi)  +  n(0, 


(99) 


where  i=l,  2,  ...,  N.  The  predicted  waveform,  xfi)  calculated  from  the  predictor  defined  in 
equation  (94)  can  then  be  expressed  as 


L 


xji)  =  xfi)  -  £  akn(i-k), 

k= 1 


(100) 


where  {at}  are  the  coefficients  of  the  characteristic  polynomial  defined  in  equation  (93).  The 
correlation  coefficient,  p,  can  then  be  obtained  using  equation  (95)  and  the  following 
relations: 
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« I  =  1 


(101) 


i*j,  E[n(i)n(j)]  =  0, 


k+k  E [ziz}\  =  0, 


Efc&iYl  =  0, 


E[n(0«(0]  =  o2, 


E feWfl  =  I- 


After  some  manipulation,  the  final  correlation  coefficient  is 

W- 

k,l2 

p - £il - - - 

*E  l^l2  +  °2(1+Efl*) 

P= 1  /’=! 


(102) 

(103) 

(104) 

(105) 

(106) 

(107) 


For  a  noise-free  situation,  <^=0,  p  equals  1,  and  perfect  discrimination  is  obtained. 

The  same  waveform,  as  shown  in  Figure  119  in  the  presence  of  different  levels  of 
random  white  noise,  is  used  to  study  the  effect  of  noise  on  target  discrimination  using  the 
correlator  defined  previously.  The  numerical  results  are  plotted  in  Figure  120.  The 
numerical  result  shows  that  the  presence  of  white  noise  deteriorates  the  discrimination  ability 
significantly.  Therefore  a  noise  reduction  process  should  be  applied  before  the 
discrimination  process.  Note  that  the  correlation  coefficient  is  calculated  for  different 
sampling  rates  shown  on  the  horizontal  axis.  For  low  sampling  rates,  the  mean  value 
calculation  approximated  by  equation  (97)  has  not  converged. 
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Figure  120  Discrimination  determination  in  the  presence  of  random  white  noise. 


Choice  of  Sampling/Prediction  Period,  T 

In  a  previous  section,  it  was  assumed  implicitly  that  the  data  were  sampled  and  predicted 
using  the  proper  time  step,  T.  In  equation  (95)  the  correlation  coefficient,  p,  has  been 
defined  as  a  function  of  T,  however,  it  is  obvious  that  the  sampling  period  T  will  affect  the 
correlation  coefficient.  The  choice  of  T  is  very  important  to  ensure  the  optimum 
performance  of  the  correlator  and  hence  make  a  correct  discrimination. 

We  will  start  our  analysis  with  the  two  examples  shown  in  Figure  121  where  the 
CNR’s  of  the  desired  waveform  matches  the  CNR’s  of  the  measured  data.  For  simplicity, 
only  a  single  resonance  is  used  in  each  case.  The  sampling/prediction  rate  varies  from 
250  MHz  to  8000  MHz  for  both  cases.  Also  note  that,  a  noise-free  environment  will  be 
assumed  hereafter  unless  otherwise  stated. 

First  of  all,  in  order  to  represent  the  information  contained  in  the  waveform  without 
distortion,  the  sampling  rate,  f,=  VT,  must  satisfy  the  Nyquist  sampling  criteria  set  by  the 
maximum  frequency  contained  in  the  “measured”  waveform.  If  the  data  are  sampled  and 
predicted  at  a  rate  lower  than  the  minimum  sampling  rate,  aliasing  will  occur  in  the 
frequency  spectrum  and  the  resonance  information  will  be  distorted.  The  minimum 
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Correlation  Coefficient  in  Match  Case 
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Figure  121  The  correlation  coefficient  of  a  single  target  discrimination  for  different 
sampling/predicting  period,  T.  (a)  resonance  frequency=0.3  GHz,  (b)  resonance 
frequency=0.6  GHz. 
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sampling/prediction  rate  set  by  the  resonance  contained  in  the  measured  data  (“*”  mark)  and 
the  desired  resonance  (“A”  mark)  are  the  same  and  is  0.6  GHz  for  case  (a)  and  1.2  GHz  for 
case  (b).  To  the  left  of  the  “*”  mark,  p  oscillates  rapidly  and  one  should  not  use 
under-sampled  data  for  discrimination.  It  is  interesting  to  find  that  p  =  1  right  at  the  mark 
position  for  both  cases.  For  frequencies  greater  than/,  (over-sampled),  p  deviates  from  1 
and  then  rises  monotonically  to  unity  for  the  highly  over-sampled  situation.  For  the  highly 
over-sampling  case.  At  becomes  very  small  and  thus  the  poles  in  the  complex  Z-plane  are 
separated  by  a  very  small  angle,  fAt  (degrees),  where /is  the  natural  resonance  frequency 
contained  in  the  waveform.  This  concept  is  illustrated  in  Figure  122.  Also  note  that  all  the 
poles  move  toward  the  z=l  point  as  the  sampling  rate  keeps  increasing.  This  movement 
results  in  an  unresolvable  situation  using  the  correlator  and  the  value  of  p  will  approach  1. 
This  ambiguity  is  due  to  the  resolution  limitations  of  the  chosen  correlator,  as  will  be 
discussed.  Therefore,  the  highly  over-sampled  region  in  Figure  122  should  also  be  avoided 
for  discrimination.  It  is  important  to  note  that  although  the  value  of  p  varies  even  for  this 
matched  discrimination,  the  global  minimum  values  are  still  very  close  to  1!  The  following 
two  examples  will  allow  us  to  study  the  mismatched  or  incoherent  situation  when  the 
measured  data  does  not  contain  the  desired  resonances. 

Figure  123  (a)  and  (b)  plot  p  as  a  function  of  sampling/predicting  rate  for  false  target 
discrimination.  The  minimum  rate  set  by  the  desired  target  resonance  frequency  and  by  the 
actual  resonance  contained  in  the  measured  data  is  again  marked  by  “A”  and 
respectively.  At  the  positions,  p  has  reached  its  global  minimum  value  for  both  cases. 
However,  the  minimum  values  may  be  different  and  are  functions  of  the  signal  amplitude, 
degree  of  coherence,  length  of  data  used  in  summation,  and  other  variables  to  be  explored. 

At  the  position  marked  “A”  p  reveals  its  local  minimum  for  each  case.  Some  other  local 
minima  do  appear  in  both  cases  but  they  have  not  been  found  useful  in  the  current  target 
discrimination  process.  In  real  applications,  the  resonances  contained  in  the  measured 
time-domain  data  are  usually  unknown  but  the  desired  resonances  are  usually  known  a  priori 
in  the  searching  and  discrimination  process. 
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Figure  122  The  movement  of  pole  positions  in  the  complex  Z-plane  for  different  sampling 
rates. 
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Correlation  Coefficient  in  Mismatch 


Figure  123  The  correlation  coefficient  for  incoherent  target  discrimination  for  different 
sampling/predicting  periods,  T.  The  measured  and  desired  CNR  in  the  second  quadrature  of 
complex  frequency  plane  are  also  shown  in  parentheses. 
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Correlation  Coefficient  Correlation  Coefficient 


Coherent  Discrimination  for  Target  Containing  Two  Resonances 
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Partial  Coherent  Discrimination  for  Target  Containing  Two  Resonances 


Partial  Coherent  Discrimination  for  Target  Containing  Two  Resonances 


Figure  124  The  correlation  coefficient  for  target  discrimination  with  two  resonances.  The 
measured  and  desired  CNR’s  in  the  second  quadrant  of  complex  frequency  plane  are  also 
shown  in  the  parentheses. 
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Next,  we  will  consider  the  situation  when  the  desired  target  contains  more  than  one 
resonance.  We  also  assume  that  the  measured  waveform  contains  the  same  number  of 
resonances;  a  more  complicated  case  will  be  discussed  in  the  next  Section,  “Multiple  Target 
Discrimination”.  Let  us  examine  the  following  four  cases  shown  in  Figure  124.  Note  that 
only  in  case  (a)  are  the  resonances  of  the  desired  target  the  same  as  those  contained  in  the 
measured  waveform,  thus  the  high  correlation  coefficient  values  obtained  in  this  case.  The 
minimum  sampling  rates  for  each  resonance  of  the  desired  target  are  also  marked  with  “A‘”. 
Note  how  p  is  close  to  1  at  both  mark  positions! 

For  the  other  cases  (b)  and  (c),  the  desired  target  and  the  measured  waveform  have 
only  one  common  resonance.  One  can  observe  the  large  oscillation  in  the  calculated 
coefficient  for  each  case.  If  we  focus  our  attention  on  the  coefficients  calculated  at  the 
sampling/predicting  rate  marked  by  “A”  and  pick  the  minimum  between  them,  one  will  get  a 
value  much  less  than  1  (e.g.  (b  )  p^  ~  -0.22,  (c)  p^  ~  -0.20). 

In  the  last  case,  the  target  and  the  measured  data  do  not  have  any  common  resonance 
and  one  can  find  that  (b)  p ^  *  0.05,  which  is  again  is  much  less  than  1! 

From  the  above  observations,  the  following  steps  can  be  used  with  the  correlator  for 
target  discrimination.  It  should  be  noted  that  these  rules  apply  only  to  the  ‘W-to -N”  case 
where  both  the  desired  target  and  the  measured  data  contain  the  same  number  of  resonances. 
The  rules  are 

1.  set  the  limits  of  the  sampling/predicting  rate  to  be  twice  each  resonance  frequency 

of  the  desired  target, 

2.  calculate  the  correlation  coefficients  for  each  different  sampling/predicting  rate 

chosen  in  the  previous  step  and  pick  the  minimum  value  among  these  coefficients, 

3.  set  a  threshold  value,  pt,  such  that  p  >  pt  confirms  the  presence  of  the  target. 
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Multiple  Target  Environment 

In  this  section,  we  will  discuss  the  discrimination  of  a  desired  target  in  the  presence  of  other 
undesired  targets.  For  simplicity,  a  noise  free  situation  will  be  assumed  throughout  this 
section.  The  theoretical  derivation  is  very  similar  to  that  in  the  previous  section  with  the 
noise,  n(i)  replaced  by  the  undesired  target  responses,  xc(i).  Assuming  that  xc(i)  has  the  SEM 
type  representation  given  below 

M/2 

*e(o-  e  <vi  *  citify  (108) 

*=1/2+1 

where  i  =  l,  2,  ...,  N  and  the  even  number  M  (>L)  is  the  total  number  of  complex  poles 
contained  in  the  data,  the  total  measured  waveform  is  then 

i/2  mi 2 

xm(i)  =  xt(i)  +  xc(i)  =  £  (ckzl  +  ck(zk))  +  j  (ckz'k  +  ck (zk)%  (109) 

k=  1  *=X/2+l 


The  poles  in  the  set  {{z„  z’),  ...,  (zu 2.  ^l/2*)}  correspond  to  the  poles  of  the  desired 
target  whereas  the  poles  in  the  set  {(zLn+u  zLn+i),  •••»  (zm/ 2.  Zm/2*)1  correspond  to  the  poles 
from  the  undesired  targets.  Because  the  desired  target  is  the  same  as  before  {alt  ...,  aL}  are 
still  the  same  real  coefficients  of  the  characteristic  equations  with  the  roots  corresponding  to 
the  desired  target’s  poles  and 

-  E  «A  -  1.  for  P’  1, 2,  1/2.  (110) 

k= 1 


The  predicted  waveform,  can  then  be  found  to  be 


Mfl 


xM)  =  xt(i)  -  5^  ( ckzl Yj  aizk  +  ck(zkyj^al(zkyl). 

k=L/2+l  1=1  1=1 


dll) 


Note  that  the  relations  listed  in  equation  (101)  still  hold  for  all  the  poles.  It  is  not  hard 
to  show  that  the  resultant  correlation  coefficient  is 
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where 


P  = 


Lfl  M/2 

2E  K\2  +  E  k/(P,+P^) 

p= 1 _ p-Lp,+l _ 

Lfl  Mfl  ’ 

2E  k,P  -  E  k,P(MP,P) 

p=l  p-Lfl^l 


P, =  E  fl*V* 


*=i 


Because 


|i-P/*o, 


then 


1  + 


IP/  *  P„  + 


(112) 


(113) 


(114) 


(115) 


That  is,  p  <  1  in  equation  (1 12).  The  equality  occurs  at  j8p  =  1 ,  which  from  equation  (113) 
shows  that  the  extra  poles  also  satisfy  the  forward  prediction  equation  obtained  from  the 
desired  poles.  This,  in  turns,  implies  the  M=L  situation.  From  (112),  one  can  clearly  see 
that  the  presence  of  other  resonances  may  significantly  reduce  p  from  unity  and  thus  degrade 
the  ability  to  discriminate  the  target.  If  the  signal  strength  of  the  extra  resonances  is  weak,  it 
is  still  possible  to  perform  the  target  discrimination  but  with  lower  sensitivity.  This  fact  is 
further  illustrated  by  the  example  shown  in  Figure  125,  in  which  the  resonance  (-0.3E+9, 

0.3  GHz)  was  to  be  discriminated  in  the  presence  of  other  resonances.  The  other  resonances 
are  (-0.3E+9,  0.6  GHz)  (dashed  line)  and  (-0.3E+9,  0.1  GHz)  +  (-0.3E+9,  0.7  GHz) 
(dash-dot  line).  The  value  of  p  at  0.6  GHz  sampling/predicting  rate  is  only  about  0.05, 
which  is  likely  to  be  below  the  threshold  and  the  target  will  not  be  detected. 
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Resolution  and  Sensitivity 

In  practical  applications,  the  waveform  can  neither  be  measured  nor  processed  without  any 
error.  The  measurement  error  will  result  in  pole  position  errors  in  the  complex  frequency 
plane,  or  Z-plane.  Therefore,  it  is  necessary  to  know  how  this  kind  of  error  will  affect 
target  discrimination  performance.  It  is  more  convenient  to  study  this  in  the  complex  Z-plane 
because  the  frequency  is  normalized  to  the  sampling  rates.  The  amplitude  and  frequency 
variations  in  the  waveform  are  related  to  the  radial  length  and  the  angle  of  the  complex  pole 
on  the  Z-plane.  For  simplicity,  the  radial  length  error  and  the  angle  error  of  the  pole 
position  will  be  treated  as  independent  variables  and  discussed  separately.  Figure  126  (a) 
plots  the  degradation  of  correlation  due  to  the  frequency  error  (or  angle  error).  If  the 
discrimination  threshold  is  set  at  0.9,  then  the  allowance  for  frequency  error  is  approximately 
±20  percent!.  It  is  interesting  to  see  that  at  ±30  degree  angle  error  the  correlation 
coefficient  is  zero.  Therefore  the  width  of  the  peak  is  about  60  degrees.  This  plot  indicates 
that  the  correlator  is  not  so  sensitive  and  the  discrimination  resolution  is  not  very  high.  This 
plot  is  particularly  helpful  in  choosing  the  threshold  level.  Figure  126  (b)  plots  the 


Figure  125  The  degradation  of  correlation  coefficient  caused  by  the  existence  of  other 
resonances. 
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Correlation  Coefficient  Correlation  Coefficient 


degradation  of  correlation  due  to  amplitude  (or  radial  length)  error.  It  is  found  that  this  type 
of  correlator  is  very  insensitive  to  amplitude  variation.  This  observation  confirms  again  the 
previous  comment  that  this  type  of  correlator  is  basically  a  coherent  detector  that  does  not 
use  the  amplitude  information  in  performing  the  discrimination. 

Examples  from  Real  Measurements 

In  this  section,  real  measurement  data  will  be  used  as  an  example  of  target  discrimination 
using  the  previous  prediction/correlation  technique.  The  data  sets  were  measured  using  the 
system  developed  by  ElectroScience  Lab.  Some  of  the  system  specifications  are  listed 
below: 

1.  Antenna:  Loaded  1  foot  Crossed-Dipole  Antenna 

2.  Source:  60  Volts,  1  ns  pulse 

3.  Data  Collection  System:  Tektronix  Sampling  Scope,  Personal  Computer,  A/D  and 

D/A  Interface 

The  target  is  located  in  air  at  a  distance  of  1  foot  from  the  antenna.  The  normally 
incident  backscattered  field  was  measured.  The  measured  time-domain  waveform  was  pre- 
processed  to  remove  the  DC  component  and  reduce  the  random  noise  as  suggested  in 
Section  B.  This  processing  was  accomplished  by  autocorrelating  the  measured  data.  Four 
examples  are  given  here.  In  the  first  three  examples,  a  2  foot  metal  pipe  with  3/4  inch 
diameter  is  to  be  discriminated  from  the  measured  data  from  1  foot,  2  foot,  and  3  foot  metal 
pipes  with  the  same  diameter.  The  pre-processed  waveforms  and  the  calculated  correlation 
coefficients  are  plotted  in  Figure  127.  The  correlation  coefficients  at  the  optimum 
sampling/predicting  rate  are  approximately  -0.2,  0.99,  and  0.65,  respectively.  For  a 
discrimination  threshold  set  at  0.9,  the  2  foot  pipe  was  successfully  discriminated  from 
among  the  three  cases.  In  this  example,  only  the  first  dominate  pole  of  the  2  foot  pipe, 
calculated  using  the  Moment  Method,  is  used  for  discrimination.  It  is  also  recalled  from  the 
previous  section  that  this  example  belongs  to  the  “1  to  1”  case. 
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Figure  127  Measured  waveforms  and  correlation  coefficients  of  1  foot  [(a),(b)],  2  foot 
[(c), (d)],  and  3  foot  [(e), (0]  pipes. 


Another  interesting  example  is  to  discriminate  a  3  foot  metal  pipe  with  a  3/4  inch 
diameter.  The  measured  data  is  the  response  of  a  3  foot  inert  ordnance  item  shown  in 
Figure  128.  The  waveform  and  the  correlation  coefficient  are  plotted  in  Figure  129  (a)  and 
(b).  The  correlation  coefficient  is  about  0.85,  which  is  high  enough  to  be  identified  as  the 
desired  3  foot  pipe  if  the  threshold  is  set  at  a  lower  value.  This  example  indicates  that  the 
choice  of  threshold  values  plays  a  very  important  role  in  determining  the  discrimination 
sensitivity  and  the  false  alarm  rate.  This  issue  will  be  pursued  in  future  work. 

Summary 

A  technique  using  a  correlator  and  a  predictor  has  been  introduced  to  perform  target 
identification  or  discrimination  from  the  knowledge  of  the  CNR’s  of  the  desired  target. 
Examples  have  been  given  to  show  that  this  technique  can  successfully  discriminate  the 
desired  target  from  others.  The  existence  of  random  noise  has  been  shown  to  degrade 
discrimination  performance  and  the  effects  of  noise  must  be  reduced  through  data 
pre-processing.  It  was  also  shown  that  this  technique  is  very  insensitive  to  amplitude 
variation,  which  may  become  a  problem  when  large  number  of  targets  are  to  be 
discriminated  and  higher  resolution  is  required.  A  complex  frequency  domain  technique, 
which  uses  the  pole  positions,  is  under  study  to  improve  the  resolution.  The  limitations  due 
to  the  existence  of  other  targets  have  also  been  discussed.  More  measured  data  need  to  be 
processed  to  study  false  alarm  rate  problems. 


6.4  Summary 

In  this  section,  we  discussed  the  usage  of  the  SVD  Prony’s  method  as  a  technique  to  find  the 
CNR’s  from  GPR  radar  signals  for  target  discrimination  purposes.  This  study  has  provided  a 
better  understanding  of  the  processing  limits  as  well  as  techniques  leading  to  the 
improvement  of  the  stability  and  accuracy  of  extracted  CNR’s.  It  was  found  that  the  residue 
magnitude  provides  an  efficient  way  of  estimating  the  number  of  CNR’s  for  SNRs  greater 
than  10  dB.  If  one  can  predict  the  number  of  CNR’s  using  other  information  such  as  target 
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Figure  128  Photograph  of  Inert  2082 


Measured  and  P reprocessed  Waveform  of  3  Foot  Inert  #208 2  in  the  Air 


Figure  129  Measured  waveforms  and  correlation  coefficients  of  Inert  2082.  The  desired 
target  is  the  3  foot  pipe. 
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dimensions  and  system  bandwidth,  then  one  can  also  greatly  improve  the  processing  accuracy 
by  choosing  the  proper  number  of  principle  eigenvectors  in  applying  the  SVD  Prony’s 
method.  It  was  also  found  that  accurate  CNR’s  can  be  obtained  for  signal-to-noise  ratios  as 
low  as  5  dB  by  averaging.  Clearly,  the  trade-off  will  be  the  need  for  more  data  memory  and 
sampling  time.  It  has  been  shown  that  when  the  signal  contains  clutter  objects,  such  as  non¬ 
resonant  signals  and  multiple  delayed  resonances  from  different  parts  of  the  target  or  from 
undesired  scatterers,  the  whole  signal  can  no  longer  be  described  by  the  model  and  will  cause 
large  errors  if  the  processing  is  applied  blindly.  This  issue  has  been  found  to  a  major 
problem  in  data  obtained  from  GPR’s.  Two  techniques,  the  running  window  and  resonance 
reduction  methods,  provide  significant  improvement  for  signals  containing  multiple  delayed 
resonances. 

A  time-domain  target  discrimination  technique  using  the  predictor  and  correlator 
developed  earlier  at  ESL  has  been  reexamined.  It  has  been  shown  in  both  calculated  and 
measured  examples  that  this  technique  provides  accurate  discrimination  of  desired  targets 
when  properly  applied.  However,  it  was  found  that  the  technique  does  not  have  good 
frequency  resolution  (or  angle  resolution  in  the  Z-plane)  and  is  very  insensitive  to  the 
damping  factor.  For  some  applications,  such  as  GPR,  where  only  a  few  resonance 
frequencies  are  of  interest  and  the  damping  factors  are  unstable,  this  might  be  an  appropriate 
technique.  For  high  resolution  applications  where  many  targets  are  to  be  discriminated, 
direct  comparison  of  poles  may  be  preferable.  An  experimental  technique  which  uses  the 
reciprocal  of  the  pole  distance  has  been  examined. 
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7.0  Receiver  Design 


7.1  Radar  Architecture 

The  architecture  of  the  radar  has  been  one  of  the  main  concerns  of  this  program.  The  radar 
used  will  be  an  ultra  wideband  (UWB)  radar  with  frequency  content  between  50  and 
500  MHz.  Two  phenomena  drive  this  use  of  a  wide  frequency  range.  First,  we  must  stay 
fairly  low  in  radar  frequency  because,  in  general,  the  lower  the  frequency,  the  lower  the 
propagation  loss  in  the  ground  medium.  The  advantage  of  including  higher  frequency  energy 
is  that  resolution  in  range  (depth  in  the  ground)  increases  with  bandwidth.  Because  ground  is 
dispersive  in  nature,  the  high  frequency  energy  is  attenuated  more  than  the  low  frequency 
energy;  resolution  decreases  for  deeper  targets.  In  general,  larger  ordnance  items  are  deeper 
so  the  loss  is  less  critical.  The  second  reason  for  employing  this  wide  bandwidth  comes 
from  the  target  discrimination  procedure  we  use.  The  discrimination  method  is  based  on  the 
complex  natural  resonances  of  the  inert  targets.  The  imaginary  part  of  the  complex 
frequency  corresponds  to  the  resonance  frequency  associated  with  the  size  and  geometry  of 
the  target.  Because  of  the  large  variation  in  size  of  the  candidate  ordnance  items,  the 
frequency  content  must  also  be  wide. 

Two  categories  of  systems  that  are  potential  targets  are  time-domain  systems  and 
frequency-domain  systems.  Because  of  Fourier  theory,  the  two  systems  can  be 
mathematically  equivalent  if  the  time-domain  pulse  being  used  has  frequency  content  equal  to 
that  of  the  frequency-domain  system.  A  Fourier  transform  from  time  to  frequency  domain  or 
an  inverse  Fourier  transform  from  frequency  to  time  domain  shows  the  systems  equivalent. 
However,  the  hardware  implementation  of  the  two  systems  can  be  very  different  because  of 
available  technologies  and  real-world  implications  of  things  like  the  radio  frequency  (RF) 
environment  at  the  GPR  site.  A  critical  part  of  this  program  is  deciding  if  a  time-domain, 
short-pulse  system  or  a  frequency-domain  step-chirped  system  is  best  for  this  application. 


200 


Table  8  Time  Domain/Frequency  Domain  Trade-Offs. 


Frequency  Domain  (Step-Chitped)  System 


Advantages: 

1. 

Can  use  low-sampling  rate,  high-dynamic  range  A/D 's  (14-16 
bits) 

2. 

Can  skip  or  shift  frequencies  to  avoid  interference  sources 

3. 

Can  tailor  spectrum  as  desired 

4. 

Switchable  antennas  can  be  used 

5. 

Can  use  high  average  transmitter  power 

Disadvantages: 

1. 

No  clutter  spreading  in  time  which  would  allow  a  percentage  of 
the  clutter  to  be  gated  out 

2. 

High-speed  operation  requires  fast  switching  transmitter  (and 
local  oscillator)  and  antenna 

3. 

Cannot  use  time  sensitivity  control 

4. 

Results  in  frequency  domain  require  processing  to  convert  to  time 
domain 

5. 

Use  of  switchable  antennas  requires  conversion  of  data  during 
post-processing 

Time  Domain  (Pulsed)  System 


Advantages: 

1. 

Transmitter  relatively  simple 

2. 

Can  range  gate  to  reduce  surface  clutter 

3. 

Can  use  time  sensitivity  control 

4. 

Time  domain  output  ready  for  processing 

Disadvantages: 

1. 

High  dynamic  range  receivers  difficult  and  expensive  to 
implement 

2. 

Must  receive  radio  frequency  interference  with  signal 

3. 

Low  average  power  with  present  technology 

Table  8  presents  some  of  the  advantages  and  disadvantages  of  the  frequency-domain 
and  time-domain  architectures.  The  frequency-domain  architecture  relies  on  a  step-chirped 
transmitter  and  local  oscillator  to  output  pulsed  CW  signals  at  a  number  of  frequency  steps 
(120-512)  between  50  and  500  MHz.  The  receiver  uses  the  local  oscillator  signal,  filters, 
and  mixers  to  receive  and  store  the  scattered  signal.  A  high-dynamic  range  analog-to-digital 
converter  (A/D)  can  be  used.  Dynamic  range  is  of  critical  importance  because  of  the  high 
field  levels  returned  from  the  earth’s  surface  and  the  relatively  low  fields  returned  from  the 
buried  UXO  targets.  Radio  frequency  interference  from  television,  radio,  and  other  sources 
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can  be  a  difficult  problem.  With  the  step-chirped  system,  we  can  program  the  radar  to  step 
around  problem  frequencies  and  later  fill  in  the  missing  information  with  interpolated  data. 
We  can  also  use  an  active  matching  network  on  the  antenna  to  improve  its  characteristics 
over  the  wide  frequency  band  of  interest.  The  main  problem  with  a  step-chirped  system  is 
the  time  required  to  step  through  the  entire  frequency  band.  The  required  stepping  time  for 
the  ESL  step-chirped  system  was  significantly  decreased  during  the  course  of  this  effort 
(through  efforts  on  another  contract).  This  radar  was  ultimately  selected  as  the  receiver  of 
choice  on  this  program  because  of  its  increased  speed,  high  dynamic  range,  and  versatility. 

It  is  the  fastest  system  that  is  available  without  a  significant  hardware  development  project. 
The  implication  of  using  a  system  slightly  slower  than  preferred  is  in  the  time  required  to 
scan  a  given  land  parcel.  We  believe  that  the  path  chosen  by  NAVEODTECHDIV,  namely, 
to  not  fund  a  hardware  development  program  but  rely  on  this  radar,  represents  the  path  with 
the  least  risk  while  still  achieving  a  reasonable  scan  rate. 

A  system  based  on  an  impulse  with  frequency  content  between  50  and  500  MHz  also 
enjoys  many  advantages.  The  limiting  factor  in  such  a  time-domain  system  is  dynamic  range 
in  the  receiver.  GPR  systems  have  been  built  exploiting  sampling  oscilloscopes  as  receivers 
but  they  are  too  slow  in  nature  to  be  seriously  considered  in  an  airborne  application. 

A  sampling  oscilloscope  builds  up  the  points  in  the  received  waveform  by  storing  a  single 
point  for  each  transmitted  pulse;  a  received  waveform  with  512  points,  for  example,  requires 
512  pulses  to  be  completed.  Averaging  many  waveforms  is  therefore  prohibitively  time 
consuming.  The  other  type  of  time-domain  receiver  often  employed  with  time-domain  GPR 
systems  is  referred  to  as  a  transient  digitizer.  This  instrument  is  capable  of  recording  the 
received  energy  from  each  pulse  transmitted.  One  pulse  generates  one  received  waveform. 
The  main  limitation  of  this  system  is  dynamic  range.  Digitizers  based  on  scan  converters  or 
fast  A/D  converters  are  generally  limited  to  8  bits  of  dynamic  range.  The  dynamic  range 
can  be  improved  through  averaging  but  a  price  is  then  paid  in  speed.  A  time  domain  system 
is  also  inherently  susceptible  to  RFI  because  the  receiver  allows  all  energy  between  50  and 
500  MHz  into  its  front  end. 
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Another  approach  is  the  hybrid  system,  where  the  system  transmits  a  time-domain 
pulse  but  the  receiver  works  in  the  frequency  domain.  Such  an  architecture  allows  use  of 
slower,  higher-dynamic  range  A/D’s.  This  type  of  system  can  be  made  more  immune  to 
RFI. 


7.2  System  Dynamic  Range 

Because  of  the  critical  importance  of  system  dynamic  range  in  determining  our  ability  to 
detect  targets  of  interest,  we  feel  it  is  very  important  to  make  sure  that  all  people  involved 
with  the  system  development  understand  this  characteristic.  Dynamic  range  is  a 
dimensionless  ratio  of  two  quantities,  usually  voltage.  It  is  generally  expressed  in  terms  of 
dB,  i.e.,  twenty  times  the  common  logarithm  (base  10)  of  a  voltage  ratio  or  ten  times  the 
common  logarithm  of  a  power  ratio.  In  the  GPR  receiver  context,  the  dynamic  range 
represents  the  ratio  of  the  largest  voltage  that  can  be  received  without  distortion  to  the 
smallest  voltage  that  can  be  measured.  In  a  digital  system,  such  as  the  GPR  receiver 
envisioned  on  this  effort,  the  largest  voltage  that  can  be  measured  without  distortion  is  one 
that  barely  toggles  the  most  significant  bit  (MSB)  of  the  A/D  converter.  The  smallest  signal 
that  can  be  measured  is  one  that  toggles  the  least  significant  bit  (LSB)  of  the  A/D.  An  8-bit 
A/D  can  represent  28  (256)  distinct  values.  One  bit  must  be  used  as  a  sign  bit,  however,  so 
the  ratio  of  largest  to  smallest  numbers  available  becomes  2(8_1)=27.  The  single-sample 
dynamic  range  of  this  A/D  is  then 

Dyanmic  Range  =  20 log^^/l)  =  201og10(128/l)  =  42.14  dB.  (H6) 

Similar  calculations  show  that  a  12-bit  A/D  has  66.2  dB  of  dynamic  range  and  a  16-bit  A/D 
has  90.3  dB  of  dynamic  range.  Actual  A/D’s  will  probably  provide  somewhat  less  in 
effective  dynamic  range  because  of  hardware  issues  in  building  sample-and-hold  circuits  and 
A/D’s.  However,  the  numbers  quoted  above  are  guidelines  that  can  be  used  to  compare 
between  different  A/D’s. 
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The  designer  cannot  allow  a  signal  with  a  voltage  larger  than  one  that  would  toggle  the 
MSB  because  the  output  of  the  A/D  would  be,  in  effect,  a  chopped-off,  distorted,  version  of 
the  analog  waveform.  Such  a  signal  would  be  problematical  if  a  discrete  Fourier  transform 
of  the  data  stream  was  calculated.  The  chopped-off  waveform  would  indicate  the  presence  of 
frequency  components  that  were  not  present  in  the  analog  waveform.  The  transform 
operation  has  to  describe  this  distorted  time-domain  waveform  that  now  possesses  a  severe 
discontinuity  in  one  or  more  derivatives.  High  frequency  components  will  be  indicated  that 
may  not  be  present  in  the  same  strength  in  the  analog  waveform. 

Similarly,  no  signal  will  be  detected  if  it  does  not  toggle  the  LSB.  If  the  desired  signal 
does  not  toggle  at  least  the  LSB,  no  amount  of  signal  processing  will  recover  it  from  the 
digitized  data;  the  signal  is,  in  fact,  not  present  in  the  digitized  data.  If  it  toggles  the  LSB 
but  is  buried  in  noise  or  interference  of  some  kind,  it  becomes  possible,  at  least,  for  some 
signal  processing  technique  to  pull  it  out  of  the  data. 

Having  a  large  dynamic  range  is  crucial  to  the  success  of  the  Airborne  GPR  system 
because  of  losses  due  to  propagation  in  the  ground  and  because  of  the  large  reflection-like 
scattering  from  the  air/earth  interface.  The  receiver  gain  for  a  given  pulse  must  be  set  so 
that  the  amplitude  of  the  signal  reflected  from  the  ground  is  less  than  that  for  a  signal  that 
toggles  the  MSB.  This  condition  must  be  met  by  the  Airborne  GPR.  The  smallest  scattered 
signal  that  can  be  recovered  from  a  UXO  target  must  be  no  more  than  42  dB  less  than  the 
surface  signal  in  the  case  of  an  8-bit  A/D  receiver.  It  can  be  66  dB  or  90  dB  less  than  the 
surface  signal  in  the  case  of  12-bit  and  16-bit  A/D’s,  respectively.  One  can  see  that  more 
system  gain  will  not  solve  the  problem  because  more  gain  also  amplifies  the  surface  return. 

Several  means  of  increasing  the  effective  dynamic  range  are  possible  in  the  Airborne 
GPR  context.  With  ground-based  GPR  systems,  ESL  has  in  the  past  used  antennas  that 
minimize  the  surface  return.  If  the  antennas  reduce  the  surface  return  10  dB  by  virtue  of 
their  geometry,  a  kind  of  analog  signal  processing,  has  taken  place  and  the  gain  can  be 
increased  by  10  dB  allowing  targets  10  dB  below  previous  levels  to  be  detected.  One  can 
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recover  10  dB  in  this  way  only  if  the  surface  return  is  reduced  10  dB  and  the  return  from  the 
target  is  not  reduced.  Another  way  of  increasing  the  dynamic  range  is  possible  if  a  sampling 
oscilloscope  architecture  is  used  and  the  gain  of  the  system  is  increased  as  the  waveform 
propagates  through  the  ground.  This  technique  is  often  referred  to  as  a  gain-slope,  where  the 
gain  changes  with  time,  which  in  effect  changes  the  gain  with  depth. 

We  may  not  be  able  to  use  a  sampling  oscilloscope  in  the  airborne  GPR,  however. 

A  sampling  oscilloscope  operates  in  the  time  domain  by  sampling  one  point  on  the  received 
waveform  for  each  pulse  transmitted.  A  received  waveform  is  constructed  from  N  received 
pulses  that  are  sampled  and  digitized  such  that  they  represent  subsequent  points  in  time 
differing  by  a  fixed  time  increment,  At.  Using  the  gain  slope  concept,  the  gain  is  set  to 
some  low  value  until  the  return  from  the  ground  (received  first  in  time)  is  recorded.  Once 
this  large  amplitude  signal  is  received  and  the  A/D  is  not  saturated,  the  gain  can  be  increased 
for  points  which  correspond  to  signals  returned  from  objects  below  the  surface.  Because  the 
losses  in  the  ground  increase  nearly  linearly  with  increasing  depth,  the  gain  can  be  increased 
linearly  in  time.  In  this  way,  a  UXO  target  whose  signal  is  more  than  42  dB  below  the 
ground  return  can  be  recovered.  Unfortunately,  a  sampling  scope-based  system  does  not 
have  sufficient  dynamic  range  for  use  on  a  helicopter  system. 

A  third  way  to  increase  the  effective  dynamic  range  is  to  use  coherent  integration, 
which  is  essentially  what  the  SAR  process  is  doing.  Figure  129 A  on  page  205 A  illustrates 
the  dynamic  range  achieved  by  coherent  processing  as  a  function  of  the  number  of  samples 
processed. 


7.3  Brassboard  Prototype  Receiver 

Considerable  effort  has  been  extended  deciding  on  a  radar  system  that  we  could  fly  in  a 
helicopter  by  mid- 1995.  Time-domain  systems  were  ruled  out  because  of  dynamic  range 
and/or  RFI  rejection  limitations.  It  appears  that  a  frequency-domain  (step-chirped)  system 
offers  the  highest  probability  of  success  in  the  short  term.  The  stepped-chirp  system  has  a 
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SYSTEM  DYNAMIC  RANGE 

Assumes  Quantization  Noise  Limited 


-Ar  8  bit  A/D  -X-  10  bit  A/D  12  bit  A/D 
-O-  14  bit  A/D  -X-  16  bit  A/D 


Figure  129a.  Graph  of  Increase  in  Dynamic  Range  versus  Number  of  Coherent  Samples  for  Five 
A/D  Converters 
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much  lower  peak  power  than  the  time-domain  while  having  a  higher  average  power.  ESL 
uses  a  custom-built  system  that  can  take  about  1  waveform  every  4  seconds  (700  frequency 
samples  per  waveform)  with  either  16  or  128  samples  being  averaged  at  each  frequency  step. 
Figure  130  shows  the  implementation.  Basically  two  coherently  coupled  sources  are 
required,  one  for  transmission  and  one  to  provide  a  mixing  signal.  The  transmitted  signal  is 
not  pulse-modulated.  The  system  is  fully  CW  (not  FMCW);  the  transmitter  and  the  receiver 
are  “on”  at  all  times.  The  system  is  referred  to  as  being  step-chirped  because  it  moves  the 
source  to  a  given  frequency,  takes  16  or  28  data  points,  and  then  moves  to  the  next 
frequency.  The  received  signal  passes  through  attenuators,  amplifiers,  mixers,  and  filters 
until  a  10  kHz  wide  signal  centered  at  100  kHz  is  passed  to  sample-and-hold  circuits  and 
digitized  by  16-bit  analog  to  digital  converters.  Summing  and  several  other  operations  take 
place  in  the  DSP  box  before  24-bit  integers  are  passed  to  a  computer.  Much  of  the  receiver 
architecture  is  based  on  the  Hewlett-Packard  8510  network  analyzer.  While  this  design 
provides  many  of  the  required  components,  much  work  remains  to  be  done.  For  example, 
GPS  and/or  gyro  systems  need  to  be  integrated  to  insure  accurate  helicopter  position 
knowledge  for  each  chirp.  Certainly  antennas  and  processors  need  to  be  evaluated.  It  is 
anticipated  that  little  information  will  be  available  in  real  time  for  this  preliminary  prototype. 
Significant  post-processing  will  be  required.  We  believe  that  this  configuration  will  supply 
the  sort  of  information  we  need  to  design,  build,  and  test  the  final  prototype. 
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Mono-Pulse  Transmit 


7.4  Final  Receiver  Prototype  Candidates 


Several  candidate  systems  were  considered  for  this  application.  We  include  information  on 
all  of  the  candidates.  A  final  decision  was  not  made  because  the  second  phase  was  not  to 
involve  fabricating  a  receiver.  If,  in  the  future,  it  again  becomes  necessary  to  choose  the 
final  version,  the  decision  should  be  made  based  on  the  technology  available  at  that  point  in 
time. 


Step-Chirped  System.  The  first  candidate  is  very  similar  to  the  brassboard  receiver 
(described  on  page  205)  except  the  synthesizers  step  much  faster  in  time.  In  this  new 
configuration,  only  a  few  samples  are  taken  at  each  frequency  step  to  allow  the  decreased 
chirp  time.  The  brassboard  prototype  will  acquire  the  either  16  or  128  samples  because  we 
are  using  an  existing  system.  The  averaging  of  16  or  128  waveforms  helps  with  noise 
performance,  which  was  important  in  its  original  application  but  is  of  less  importance  in  the 


Table  9  Step-Chirped  Receiver  Parts  List. 


DESCRIPTION 

Watkins-Johnson  Synthesizer  (WJ-45120) 
Power  Splitter  5-500  MHz  (ZFSC-2-1) 
Double-Balance  Mixer  5-500  MHz  (MD-143) 
Low  Power  Amp  5-1000  MHz  (AMC-182) 
Attenuator  (P442L) 

RF  Switch  4  /js  switch  time  (ZMSW-1  111) 

RF  Power  Amp  1-1000  MHz  @  10  W 
Low  Noise  Amp  50-500  MHz  (AMC-182) 

High  Pass  Filter  (BHP-100) 

A/D  Converters  500  kHz  16  Bit  (ADS-930MC) 
PC/AT  Single  i860  (FT860/2-AT-1 6-1 ) 
Quadrature  Hybrid  2-32  MHz  (JH-6-4) 
Software  Products  FT200  ALIX  68K 
Compilers  SUN  OS  Compiler  (AL-F77-SV) 
Development  Tools  Vector  Library 
Bandpass  Filter  500  kHz  BW  (NBP-1 0.7) 

TOTAL  COST 


QTY 

PRICE  (EA) 

VENDOR 

2 

$75,000.00 

Watkins-Johnson 

3 

$ 

44.95 

Mini-Circuits 

5 

$ 

40.00 

ANZAC 

3 

$ 

289.00 

ANZAC 

2 

$ 

807.39 

J&B  Eng.  Sales 

2 

$ 

69.95 

Mini-Circuits 

1 

$ 

9300.00 

Amplifier  Research 

1 

$ 

289.00 

ANZAC 

1 

$ 

36.95 

Mini-Circuits 

2 

$ 

494.00 

DATEL 

2 

$10,795.00 

ALACRON 

1 

$ 

324.00 

ANZAC 

1 

$ 

500.00 

ALACRON 

1 

$  4,095.00 

ALACRON 

1 

$ 

995.00 

ALACRON 

3 

$ 

18.95 

Mini-Circuits 

$190,797.38 
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airborne  GPR  clutter-limited  problem.  Table  9  provides  a  parts  list  with  cost  estimates  for 
this  architecture. 

Frequency-Domain  Receiver  One  candidate  for  the  final  prototype  receiver  is  similar 
to  the  microwave  channelized  receiver  shown  in  Figure  131.  In  this  example,  which  was 
designed  to  receive  energy  between  3.5  and  4.5  GHz,  the  RF  energy  enters  through  a  low- 
noise  amplifier  and  passes  to  a  “channel  dropping”  filter.  This  filter  divides  the  energy 
between  five  contiguous  bands,  each  of  which  comprise  another  low-noise  amplifier,  a  band¬ 
pass  filter,  a  mixer  that  moves  the  energy  to  an  intermediate  frequency,  an  I/Q  mixer,  and 
two  200  MHz  analog-to-digital  (A/D)  converters.  The  basic  function  of  the  receiver  is  to 
digitize  a  1  GHz  bandwidth  using  slower  A/D  converters  with  8  bits  of  dynamic  range.  A 
similar  frequency  domain  receiver  in  this  program  would  digitize  450  MHz  bandwidth  and 
mix  it  down  to  forty-five  10  MHz-wide  channels  that  could  be  digitized  by  10  MHz  14  bit 
A/D’s.  Such  a  receiver  would  be  capable  of  real-time  data  acquisition,  to  14  bits  of 
resolution,  of  the  entire  50  to  500  MHz  band.  This  receiver  will  afford  sufficient  dynamic 
range  and  the  ability  to  continuously  record  received  time-domain  waveforms  in  real  time. 

Of  course,  such  a  receiver  presents  significant  implementation  difficulties.  The  most 
challenging  aspect  is  designing  and  implementing  the  contiguous  channel-dropping  filters. 
Such  filters  are  difficult  to  build  for  several  reasons  plus  their  behavior  when  input  with  out- 
of-band  energy  can  change  dramatically  with  frequency.  At  Battelle,  we  spent  two  years 
investigating  such  microwave  receivers  for  electronic  warfare  applications  under  IR&D 
funds.  The  conclusion  of  our  study  was  that  a  different  architecture  should  be  used,  namely, 
the  Time-Domain  Receiver  described  in  the  next  paragraph.  Table  10  provides  a  parts  list 
with  cost  estimates  for  the  Frequency-Domain  Receiver. 

Time-Domain  Receiver.  At  present,  the  time-domain  receiver  architecture  shown  in 
Figure  132  is  the  leading  candidate  for  the  final  prototype.  This  configuration  represents  a 
Battelle-proprietary  receiver  that  was  designed  and  analyzed  in  detail  as  part  of  a  Battelle 
IR&D  program.  As  with  the  frequency-domain  receiver  described  in  the  previous  paragraph, 
the  basic  concept  is  to  use  14-bit,  10  MHz  A/D  converters  to  sample  a  450  MHz  band  of 
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Contiguous  Channel  Dropping  Filter 


4J3  +  4S 


Figure  131  Architecture  of  a  microwave  channelized  receiver 
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Table  10  Frequency  Domain  Receiver  Parts  List. 


DESCRIPTION 

Mixers  Broadband  (MD-139) 

Bandpass  Filter  50-500  MHz  (PHP-100) 

RF  Switch  2  jjs  switch  time  (VSW-250DR) 
Low  Noise  Amp  50-500  MHz  (AM-182) 
Attenuator  (P242L) 

RF  Amp  5-200  MHz  (AM-138) 

RF  Amp  100-600  MHz  (AM-191) 

Crystal  Oscillator  10  MHz  (XC321) 

A/D  Converter  10  MHz  @  14  Bit  (ADS-945) 
Buffer  Amp  20  MHz  BW  (HFA1 1 35IP) 
PC/AT  Single  i860XP  (FT860/2-AT-16-1) 
Quadrature  Hybrid  20-200  MHz  (JH-131) 
Quadrature  Hybrid  135-350  MHz  (JH-136) 
Quadrature  Hybrid  250-500  MHz  (JH-1 39) 
Software  Products  FT200  ALIX  68K 
Compilers  SUN  OS  Compiler  (AL-F77-SV) 
Development  Tools  Vector  Library 

TOTAL  COST 


QTY 

PRICE  (EA) 

VENDOR 

90 

$ 

85.00 

ANZAC 

2 

$ 

14.95 

Mini-Circuits 

1 

$ 

42.95 

Mini-Circuits 

2 

$ 

192.00 

ANZAC 

1 

$ 

628.44 

J&B  Eng.  Sales 

45 

$ 

192.00 

ANZAC 

44 

$ 

196.00 

ANZAC 

2 

$ 

8.55 

Digi-Key 

90 

$ 

900.00 

DATEL 

90 

$ 

4.12 

Newark 

2 

$10,795.00 

ALACRON 

30 

$ 

216.00 

ANZAC 

30 

$ 

76.00 

ANZAC 

30 

$ 

76.00 

ANZAC 

1 

$ 

500.00 

ALACRON 

1 

$  4,095.00 

ALACRON 

1 

$ 

995.00 

ALACRON 

$145,607.19 


data.  This  time  domain  receiver  requires  the  use  of  in-phase  and  quadrature-phase  (I/Q) 
processing  in  order  to  realize  the  full  450  MHz  bandwidth  when  sampling  every  two 
nanoseconds.  Sampling  at  this  rate  with  two  linearly  independent  data  streams  yields  the  full 
450  MHz  bandwidth.  As  the  signal  moves  along  the  tapped  delay  line  (2  ns  between 
samples),  the  sample  and  holds  are  clocked  at  a  10  MHz  rate.  The  A/D  converters  then 
sense  a  sample  every  100  ns.  The  14-bit  value  is  passed  to  buffers.  The  stored  signal  is  in 
the  buffers  with  the  earliest  data  point  in  buffer  45,  the  next  in  buffer  44,  etc.  The  computer 
can  later  assemble  the  waveform  in  the  correct  order  because  the  sampling  system  is  coherent 
in  its  operation.  It  is  imperative  that  the  sample  and  hold  circuits  possess  the  full  450  MHz 
bandwidth  or  they  cannot  respond  to  the  waveform  that  is  changing  very  quickly  in  time. 

While  this  architecture  seems  to  hold  the  most  promise  as  of  now,  it  offers  significant 
challenges  and  will  be  expensive.  We  continue  to  evaluate  other  possibilities  in  the  design 
phase  program.  Table  11  provides  a  parts  list  with  cost  estimates  for  the  Time-Domain 
Receiver. 
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Tapped  Delay  Line  (2  nsec  Between  Samples) 

1  2  3  •  •  •  45 


Sample  and  Holds 
(450  MHz  Bandwidth) 

A/D  Converters 
(14  bit,  10  MHz) 


Buffers 


To  Computer 


Figure  132  Tapped-delay  line  time-domain  receiver  architecture.  Two  systems  are  required, 
one  for  the  I  (In-Phase)  channel  and  one  for  the  Q  (Quadrature-Phase)  channel. 

7.5  Conclusion 

We  believe  the  Time-Domain  receiver  is  the  leading  candidate  for  this  application.  At 
present  time,  however,  this  receiver  does  not  exist  as  any  more  than  a  preliminary  design. 

In  the  follow-on  effort  to  this  program,  NAVEODTECHDIV  chose  not  to  take  the  risk  of 
fabricating  this  receiver  but  instead  rely  on  the  ESL  step-chirped  radar.  Battelle  concurs 
with  this  decision.  If  the  step-chirped  system  demonstration  shows  this  UXO  detection 
system  to  be  successful,  Battelle  may  recommend  to  the  Government,  at  that  time,  that  this 
faster  system  be  reconsidered.  Unfortunately,  the  step-chirped  system  is  the  most  expensive 
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Table  11  Time  Multiplex  Receiver  Parts  List. 


DESCRIPTION 

A/D  Converter  10  MHz  @  14  Bit  (ADS-945) 
Bandpass  Filter  50-500  MHz  (PHP-100) 

Low  Noise  Amp  50-500  MHz  (AM-182) 

RF  Switch  2  /js  switch  time  (VSW-250DR) 
Crystal  Oscillator  10  MHz  (XC321) 

Buffer  Amp  20  MHz  BW  (HFA1 1 35IP) 
Attenuator  (P242L) 

PC/AT  Single  i860XP  (FT860/2-AT-1 6-1) 
Quadrature  Hybrid  7-14  MHz  (JH-113) 
Delay  Lines  400  ns  delay  (TK5318-ND) 
Software  Products  FT200  ALIX  68K 
Compilers  SUN  OS  Compiler  (AL-F77-SV) 
Development  Tools  Vector  Library 

TOTAL  COST 


QTY 

PRICE  (EA) 

VENDOR 

90 

$ 

900.00 

DATEL 

2 

$ 

14.95 

Mini-Circuits 

90 

$ 

192.00 

ANZAC 

1 

$ 

42.95 

Mini-Circuits 

1 

$ 

8.55 

Digi-Key 

90 

$ 

4.12 

Newark 

1 

$ 

628.44 

J&B  Eng.  Sales 

2 

$10,795.00 

ALACRON 

1 

$ 

49.00 

ANZAC 

88 

$ 

15.71 

Digi-Key 

1 

$ 

500.00 

ALACRON 

1 

$  4,095.00 

ALACRON 

1 

$ 

995.00 

ALACRON 

$127,972.12 


of  the  candidates  considered.  However,  one  can  see  from  Table  9  that  $150,000  of  the 
$190,000  expense  is  for  the  two  Watkins- Johnson  synthesizers.  The  price  of  these 
synthesizers  will  drop.  We  should  also  be  able  to  identify  synthesizers  with  slightly  less 
performance  but  with  significantly  less  cost.  A  reasonable  compromise  might  be  to  purchase 
the  less  expensive  synthesizers. 
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8.0  Positioning  and  Navigation 


While  developing  a  positioning  and  navigation  system  is  not  part  of  the  present  contract,  the 
use  of  such  a  system  is  critical  to  the  success  of  the  synthetic  aperture  radar  processing  and 
to  the  ability  to  specify  the  location  of  ordnance  items  once  they  are  detected.  With  this 
requirement  in  mind,  we  have  been  considering  positioning  and  navigation  options  and  have 
gained  an  understanding  of  the  limitations  involved.  We  have  done  some  work  with  the 
Global  Positioning  System  for  positioning  information  on  a  related  program  involving  a 
ground-based  GPR  system  for  buried  ordnance  detection.  Much  of  the  information  generated 
for  that  program  naturally  transfers  to  this  program.  We  are  also  performing  some  planning 
for  the  second  phase  of  this  airborne  GPR  program.  We  have  discussed  the  requirements 
with  The  Ohio  State  University  Center  for  Mapping  and  asked  them  to  conceive  a  system 
that  would  meet  our  requirements. 

The  Center  for  Mapping,  in  a  second  phase,  will  develop  a  positioning  system  and 
a  moving  map  display  for  the  helicopter  pilot  based  on  the  Global  Positioning  System.  The 
SAR  processing  drives  the  position  accuracy  requirements,  which  are  currently  estimated  to 
be  about  10  cm  with  about  20  updates  per  second.  Such  accuracy  is  possible  with 
differential  GPS,  a  system  in  which  two  GPS  receivers  are  required.  One  receiver  is  at  a 
fixed  position,  within  a  few  miles  of  the  area  being  surveyed.  Its  position  must  be  known 
very  precisely  via  one  of  several  positioning  methods.  The  other  receiver  and  antenna  are 
aboard  the  helicopter.  The  fixed  receiver  acquires  the  same  satellite  data  as  the  helicopter 
receiver,  with  the  satellites  data’s  inherent  system  errors  (Selective  Availability,  Anti- 
Spoofing,  etc.).  Because  the  position  of  the  fixed  receiver  is  known  to  10  cm  accuracy,  the 
system  errors  can  be  removed  and  the  position  of  the  helicopter  can  be  found  via  a  radio  link 
between  the  receivers  and  via  data  processing.  This  positioning  information  can  be  found  in 
approximately  1  second  intervals  using  off-the-shelf  GPS  technology.  It  is  not  known  at  this 
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time  what  the  true  update  rate  requirements  of  the  GPS  system  are;  once  they  are 
determined,  the  update  limits  of  the  GPS  system  can  be  determined.  An  inertial 
measurement  unit  (IMU)  may  be  required  to  insure  the  required  high  update  rates.  The  IMU 
data  will  be  used  to  specify  location  information  between  the  one  second  updates  of  the 
differential  GPS. 

Navigation  of  the  helicopter  to  locations  dictated  by  the  SAR  process  is  also  required. 
Again,  the  GPS  system  can  be  used  with  a  moving  map  display  for  the  pilot  indicating  the 
helicopter’s  present  location  and  what  the  pre-determined  path  is.  The  update  rates  and 
accuracies  are  less  stringent,  both  in  terms  of  accuracy  and  update  rates,  than  those  for  the 
positioning  system.  Once  those  requirements  have  been  determined,  they  can  be  factored 
into  the  requirements  for  the  moving  map  display.  It  is  anticipated  that  the  differential  GPS 
positioning  system  data  can  be  used  as  input  to  the  moving  map  display  computer. 

Figure  133  shows  the  initial  design  provided  by  the  Center  for  Mapping.  Although 
this  Figure  was  generated  under  another  program,  it  is  included  here  for  informational 
purposes.  A  parts  list  for  this  system  is  provided  in  Table  12. 

As  part  of  the  demonstration  at  Jefferson  Proving  Ground,  the  Center  for  Mapping 
provided  a  GPS  system  for  our  cherry-picker  airborne  GPR.  The  result  of  this  work  was  not 
useful  because  harmonic  energy  from  the  radar  interfered  with  the  GPS  receiver.  An 
analysis  of  the  errors  is  included  in  Appendix  B.  The  radar  will  be  modified  in  1995  to  skip 
past  the  problem  frequencies  and/or  suppress  this  harmonic  energy. 
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Figure  133  Airborne-Based  Real-Time  cm-Level  GPS  Positioning  and  Navigation  System. 
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Table  12  Position  Location  and  Navigation  Parts  List. 


GPS  and  Navigation  Equipment 

Quantity 

Description 

GPS  System  (either  Allen  Osborne  &  Associates  or  Trimble  Navigation) 

2 

Dual-Frequency  GPS  Receivers 

1 

Geodetic  Ground  Plane  Antenna  or  Choke-Ring  Antenna 

1 

Airplane  Antenna 

2 

Power  Crest  Instruments  RDDR-96  Radio  Modem  (Transmitter  with 

Power  Amplifier) 

Inertial  Measurement  Unit 

1 

Litton  LN-201  AMR  AAM  IMU  Guidance  System  6  inch  by  2.9  inches 

Moving  Map  Display  Software 

1 

Blue  Marble  GeoGraphics  MapTracker  Moving  Map  Display 
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9.0  RF  Safety  Levels 


We  must  be  aware  of  any  potential  safety  problems  with  regard  to  radio  frequency  (RF) 
safety  levels.  We  have  examined  two  information  sources  and  will  probably  order  a  third. 
One  source  discusses  some  of  the  biological  issues1  in  general;  it  also  provides  a  list  of 
appropriate  documents.  Another  more  useful  source,  was  provided  by  a  hardware  vendor  in 
the  form  of  a  pamphlet2.  This  pamphlet  included  a  plot  of  safety  levels  versus  frequency  as 
recommended  by  the  American  National  Standards  Institute  (ANSI).  This  plot  is  included  as 
Figure  134.  The  full  standard  is  also  available  from  ANSI3. 

In  order  to  see  how  the  airborne  GPR  might  fit  within  these  standards,  we  went 
through  an  approximate  calculation  for  an  impulse  system  and  a  stepped-chirp  frequency 
domain  system.  They  must  be  calculated  separately  because  they  have  very  different 
sources.  For  the  time  domain  system,  we  considered  a  1  MW  transmitter  with  a  2  ns  pulse 
transmitting  60  pulses  per  second.  The  peak  power  is  high  with  this  system  but  because  of 
the  extremely  low  duty  cycle,  the  average  power  is  only  120  mW.  The  power  density  in 
mW  per  square  centimeter,  shown  as  the  abscissa  in  Figure  134,  implies  that  the  calculation 
must  be  made  as  a  function  of  range.  A  sphere  10  m  from  the  antenna  has  a  surface  area  of 
about  1257  m2  which  implies  a  power  density  10  m  from  the  antenna  of  about 
9.55- 10*6  mW/cm2.  This  result  holds  for  an  isotropic  antenna.  The  antennas  used  in  this 
program  will  have  maximum  gains  similar  to  those  of  a  half-wave  dipole,  which  has  a  gain 


1  S.  Bren  and  D.  Hadlock,  “Health  Concerns  of  Non-Ionizing  Radiation,”  EMC  Test  &  Design,  August, 
1993,  pp.  53-57. 

2  “Pocket  Guide  to  Non-Ionizing  Radiation,”  General  Microwave,  Amityville  NY,  1992. 

3  “Electromagnetic  Fields,  Safety  Levels  with  Respect  to  Human  Exposure  to  Radio  Frequency,” 

ANSI/IEEE  C95. 1-1992. 
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of  1.8  dBi  (1.8  dB  more  gain  than  an  isotropic  antenna).  Considering  a  maximum  gain  of 
4  dBi,  the  power  density  in  the  main  lobe,  10  m  from  the  antenna  will  be  about 
2.4- 10  s  mW/cm2.  From  these  approximations  it  is  clear  that  we  will  be  well  below  the 
safety  levels  shown  in  the  Figure.  One  must  also  consider  the  fields  inside  the  helicopter 
which  will  be  about  1  m  from  the  antenna.  A  sphere  1  m  in  radius  has  a  surface  area  of 
about  12.6  m2.  The  power  density  on  this  sphere  is  about  0.0024  mW/cm2.  This  value  is 
plotted  in  Figure  134.  The  value  is  well  below  the  indicated  safety  levels.  From  these 
calculations  it  appears  that  power  density  levels  are  well  below  safety  levels  in  the  main 
beam  when  the  antenna  is  10  m  or  more  above  the  ground.  Levels  inside  the  helicopter  may 
be  higher  because  of  the  proximity  of  the  antenna.  If  peak  power  was  a  consideration  rather 
than  average  power,  the  projected  levels  would  be  considerably  higher.  We  might 
recommend  that  the  helicopter  doors  be  closed  during  operation  of  the  radar.  Levels  inside 
the  helicopter  should  be  measured  to  insure  safe  operation. 

For  a  frequency  domain  step-chirped  system,  the  average  power  will  be  about  10  W 
(higher  powers  could  be  used  but  the  source  would  then  interfere  with  other  receivers  in  the 
area).  For  a  10  W  transmitter  with  an  80  percent  duty  cycle,  the  average  transmitted  power 
is  8  W.  The  power  density  10  m  from  the  4  dBi  gain  antenna  is  about  0.0016  mW/cm2. 

This  value  is  significantly  below  the  safety  levels.  The  power  density  at  distance  1  m  from 
the  antenna  is  about  0.16  mW/cm2.  This  value  is  shown  in  Figure  134.  For  this  frequency- 
domain  system,  the  peak  power  and  the  average  power  are  nearly  equal.  Table  13 
summarizes  the  data. 

The  danger  from  non-ionizing  radiation  is  believed  to  be,  at  the  present  time,  due  to 
thermal  effects  such  as  those  exploited  in  a  microwave  oven.  Hence,  these  standards  are 
written  to  average  power  considerations.  It  is  not  clear  from  current  research  that  other 
mechanisms  might  not  also  constitute  health  risks.  We  believe  that  keeping  the  helicopter 
doors  closed  and  not  energizing  the  radar  until  we  are  at  least  10  m  off  the  ground  will 
effectively  minimize  any  potential  health  risk. 
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Table  13  Estimated  Power  Density  Levels  for  Time  Domain  and  Frequency  Domain  GPR’s. 


Power  Density  (mW/cm2) 


Range  =  1  m 

Range  =  1 0  m 

Time  Domain  Pulsed  System 

0.0024 

0.000024 

Frequency  Domain  Step-Chirped 

0.16 

0.0016 

System 

Figure  134  ANSI  E-field  safety  levels. 
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10.0  Literature  Review 


One  task  in  this  Program  was  to  perform  a  literature  review  of  world-wide  efforts  in  GPR  in 
order  to  assess  the  value  of  any  new  information.  We  performed  searches  of  computer  data 
bases,  compiled  articles  and  books  available  to  us,  and  discussed  some  recent  GPR  work 
with  individuals  involved.  In  the  final  evaluation,  we  were  not  able  to  find  much  useful  data 
on  GPR  that  was  not  already  part  of  the  knowledge  database  of  the  Battelle  and  ESL  staff 
members  involved  in  this  project.  We  continue  to  monitor  GPR-related  literature  for  current 
articles  that  may  benefit  this  program.  The  papers  being  referenced  in  this  section  are 
compiled  in  at  the  end  of  this  section,  beginning  on  page  235. 

10.1  GPR  Subjects  Papers 

1993  Airborne  GPR  Test  Trials.  We  became  aware  of  an  airborne  GPR/foliage 
penetration  system  evaluation  that  was  held  in  Yuma,  Arizona  in  the  summer  of  1993. 

Dr.  Serpeil  Ayasli  of  Lincoln  Laboratory  is  the  leader  of  a  team  evaluating  the  results.  She 
said  that  they  were  just  beginning  to  evaluate  the  data  as  of  September  1993.  She  thought 
the  results  would  first  be  reported  through  conference  papers  and  later  through  formal 
reports.  She  agreed  to  share  Lincoln  Lab  data  with  us.  She  presented  a  paper  on  their 
results  at  the  Unexploded  Ordnance  Detection  and  Range-Remediation  Conference  in  Golden 
Colorado  in  May  1994. 

Lee  (1994),  presents  surface  to  underground  loss  models  derived  from  the  1993  Yuma 
GPR  experiment,  as  well  as  some  clutter  data  for  the  100-500  MHz  region  and  depression 
angles  from  30°  to  60°. 
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Time-Frequency  Distributions.  Three  articles  are  included  that  discuss  time- 
frequency  distributions  [Cohen  (1989),  Moghaddar  (1993),  Hlawatsch  (1992)].  The  Cohen 
and  Hlawatsch  papers  are  tutorials  and  reviews  of  general  distributions.  The  Moghaddar 
article  applies  a  single  time-frequency  distribution  (the  running  window  or  short  time  Fourier 
transform)  to  an  electromagnetic  scattering  application  and  is  more  useful  for  specific 
information  of  interest  to  the  GPR  application.  From  Moghaddar,  the  running  window 
Fourier  transform  (RWFT)  of  S(Q)  is  given  by 

co 

RWFT s(t,to )  =  |  5(0  )W(w  -0  )e  “  ‘dQ  (119) 


where  W(oo)  is  a  window  function.  Moghaddar  uses  the  Kaiser-Bessel  window  function. 

A  similar  expression  can  be  found  that  processes  time  domain  data.  From  equation  (119)  one 
can  see  that  the  RWFT  is  a  surface  above  the  time  and  frequency  axes.  Using  the  plot  of  the 
RWFT  one  can  see  changes  in  frequency  as  a  function  of  time.  Moghaddar  includes  several 
examples  for  scattering  from  an  open-ended  circular  cavity.  This  structure  is  highly 
resonant,  as  are  our  UXO  targets,  and  several  resonances  are  easily  identified  that  were  not 
obvious  in  either  the  time-domain  or  frequency-domain  plots  of  the  scattered  signal. 

Other  time-frequency  distributions  such  as  wavelet  transforms,  Wigner  distributions, 
and  ambiguity  functions,  can  be  used  to  give  insight  into  aspects  of  physical  behavior.  The 
running  window  Fourier  transform  and  wavelet  transforms  are  linear  operations  and  operate 
on  voltages  or  currents.  Wigner  distributions  and  ambiguity  functions  operate  on  power  or 
energy  and  are  therefore  quadratic  in  nature.  The  Wigner  distribution  can  be  given  as 
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where  the  asterisk  denotes  the  complex  conjugation  operation.  The  Wigner  distribution  is 
optimum  in  some  sense  but  the  quadratic  nature  of  the  distribution  implies  that  cross-product 
terms  are  present  in  the  distribution.  For  physical  situations  where  the  cross-product  terms 
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are  obvious,  they  can  be  removed.  When  they  are  not  obvious  in  the  distribution,  they  make 
interpretation  much  more  challenging. 

Time-Domain  Antenna  Characterization.  Allen,  et  al.,  (1993)  proposes  definitions 
for  characteristic  properties  of  wide-bandwidth  antennas  because  the  frequency-domain 
definitions  are  useful  and  intuitive  only  at  a  single  frequency.  The  proposed  definitions 
include  directivity,  fidelity,  radiation  resistance,  effective  area,  gain,  efficiency  antenna 
factor,  effective  height,  and  others.  Some  of  the  definitions  are  a  function  of  the  shape  of 
the  transmitted  signal  in  the  time  domain. 

Wideband  Antennas.  One  of  Prof.  Harmuth’s  papers  on  wideband  antennas  is 
included  in  the  list  [Harmuth  and  Mohamed  (1992)].  Over  the  years  he  and  his  colleagues 
have  published  theoretical  analysis  based  on  so-called  “non-sinusoidal  functions.”  We  did 
not  think  the  antenna  discussed  in  this  paper  was  useful  to  this  program. 

Complex  Resonances.  The  Interaction  Note  [Baum  (1993)]  presents  equations  for 
determining  the  complex  natural  resonances  of  a  scattering  target  when  the  target  is 
immersed  in  a  non-free  space  medium.  The  equations  were  discussed  on  page  18  and  results 
for  measured  targets  are  presented  in  Table  1. 

Airborne  GPR  Systems.  One  paper  [Cameron  (1993)]  discusses  the  author’s  FM-CW 
radar  that  operates  between  250  to  750  MHz.  They  talk  a  lot  about  their  antennas  (each  a 
conical  helix)  that  will  not  go  as  low  in  frequency  as  we  want  to  go.  They  also  use  GPS. 
They  record  onto  VHS  tape  and  generate  color-coded  images.  They  use  a  precision  radar 
altimeter  to  know  height  above  ground.  Their  testing  was  done  in  the  Mohave  desert.  They 
have  had  encouraging  results  but  do  not  seem  to  do  any  target  discrimination. 

Land-Mine  Applications.  One  paper  [Roy,  et  al.  (1990)]  summarizes  work  using 
L-band  (1.55  GHz,  10  nsec)  and  S-band  (3.5  GHz,  1  nsec)  radars.  Because  it  is  a  land  mine 
application  they  are  not  worried  about  extensive  propagation  loss.  They  used  SAR  with 
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1  transmitter  and  5  receivers  arrayed  orthogonal  to  direction  of  propagation.  Their  output 
was  images  in  the  3.5  GHz  case.  Output  was  waveforms  in  the  1.55  GHz  case  -  claimed  to 
detect  mines  but  had  no  data  on  false  alarms.  The  computer  programs  in  back  may  be  useful 
as  check  against  our  codes  and  approaches. 

Another  paper  [Graham  (1991)]  summarizes  work  at  3.5  GHz  on  land  mines.  They 
use  an  extended  linear  array  and  synthetic  beam-forming.  The  output  is  in  the  form  of 
images.  Nothing  is  relevant  to  our  effort. 

Ground-Based  Detection  Systems.  One  paper  [Sandness  and  Bennett  (1992)]  talks 
about  the  remotely  controlled  vehicle  (RCS)  they  will  build  for  cleaning  DOE  sites.  It  will 
have  magnetometers  on-board  and  will  have  to  minimize  ferrous  metals.  PNL  is  developing 
the  GPR.  Other  sensors  (chemical,  biological.,  etc.)  may  also  be  used  but  they  will  not  be 
on  at  the  same  time.  The  vehicle  has  six  wheels  and  a  generator  to  supply  power  to  the 
instrumentation.  It  minimizes  the  use  of  steel  due  to  the  magnetometers.  They  use  an  RF 
ethemet  link  back  to  the  controlling  station.  This  vehicle  does  exist  and  has  undergone 
limited  testing  but  the  DOE  program  funding  the  work  is  currently  on  hold. 

ESL  Papers.  Several  of  the  papers  summarize  results  of  work  performed  at  ESL  in 
the  last  20  years.  The  results  of  these  papers  provide  the  basic  knowledge  base  that  we  use 
in  all  our  activities.  These  papers  include  [Caldecott,  et  al,  (1988),  Chan  et  al,  (1979),  Chan 
et  al,  (1981),  Mains  and  Moffatt  (1974),  Moghaddar  and  Walton,  (1993),  Peters,  et  al, 
(1992),  Poirier  (1993),  Volakis  and  Peters  (1983)]. 

GPR  Hardware.  One  paper  [Fenner  (1992)]  was  one  of  those  presented  at  the 
Government  workshop  on  GPR  at  Vicksburg  in  1992  [Butler  (1992)].  Most  of  the  papers  are 
represented  by  one  page  abstracts.  This  paper,  by  GSSI  representatives  provides  some  detail 
on  work  they  are  doing  to  increase  bandwidth  using  new  transmitters  and  antennas  but  no 
details  as  to  the  nature  of  either  are  provided.  It  was  very  unclear  what  they  were  trying  to 
accomplish.  Two  plots  showed  that  a  bigger  aperture  decreased  the  beamwidth.  They  keep 
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talking  about  an  optimized  frequency  helping  their  process  (instead  of  increased  bandwidth). 
We  did  not  find  the  information  to  be  relevant. 

A  paper  by  Ralston  (1993)  describes  a  methodology  for  system  performance 
comparison  of  ultra- wideband  radars  implemented  as  either  impulse  or  stepped-chirp  systems. 
All  current  GPR  systems  fit  one  of  these  categories. 

Foreign  UWB  Radar  Systems  for  Subsurface  Applications.  We  found  many  foreign 
wideband  or  UWB  systems  in  our  literature  search  that  were  primarily  designed  for 
geophysical  or  subsurface  applications.  Some  of  these  systems  are  currently  being  used  for 
non-destructive  testing  of  concrete  structures  and  highways,  mine  detection,  resource 
mapping,  and  foliage  penetration.  Research  in  subsurface  impulse  radar  is  aimed  at  target 
detection  and  identification. 

In  addition  to  the  systems  mentioned  here,  many  countries  are  buying  commercial  U.S. 
GPR  systems  such  as  the  Subsurface  Interface  Radar  (SIR)  manufactured  by  Geophysical 
Survey  Systems  Incorporated  (GSSI)  to  make  measurements.  Many  have  also  built  custom 
systems  around  U.S.  manufactured  network  analyzers  such  as  the  Hewlett-Packard 
Model  8510  Network  Analyzer. 

C  ARAB  AS.  The  Swedish  National  Defense  Research  Establishment  has  developed  a 
UWB  airborne  radar,  named  Coherent  All  Radio  Band  Sensing  (CARABAS)  [Nordwall 
(1993),  Hellstan  (1992)].  If  CARABAS  is  successful,  applications  for  CARABAS  may 
include  military  surveillance,  civilian  remote  sensing,  environmental  mapping,  and  sea  ice 
thickness  measurement.  CARABAS  is  a  low  frequency  UWB  synthetic  aperture  radar 
(SAR).  It  operates  at  low  frequencies  (20-90  MHz)  in  order  to  penetrate  foliage  and  ground. 
The  low  frequency  was  determined  by  the  noise  environment  (radio  frequency  interference) 
and  the  maximum  practical  length  of  the  antenna.  The  high  frequency  was  determined  by  the 
absolute  bandwidth,  SAR  swath  width,  available  transmission  power,  and  data  storage 
capacity. 


225 


CARABAS  is  a  diffraction  limited  SAR.  A  SAR  with  a  geometric  resolution  less  than 
or  equal  to  a  wavelength,  as  set  by  the  Rayleigh  limit,  produces  speckle  free  radar  images. 

A  large  relative  bandwidth  is  required  to  achieve  diffraction  limited  SAR.  Increasing  the 
bandwidth,  complicates  the  SAR  processing.  A  deterministic  SAR  processing  scheme  is 
used.  CARABAS  is  restricted  by  the  requirement  that  the  length  of  the  synthetic  aperture 
must  equal  the  surveillance  range. 

The  CARABAS  antennas  are  two  broad  band  thick  dipoles  positioned  on  either  side  of 
the  center  of  the  aircraft.  The  dipoles  are  actually  flexible  sacks  several  meters  long  attached 
to  the  tail  of  the  aircraft  which  are  inflated  with  ram  air  when  the  aircraft  is  airborne. 

CARABAS  is  currently  limited  by  the  state  of  the  art  of  A/D  converters  and  data 
storage  systems.  It  requires  a  very  large  dynamic  range  to  overcome  the  interference  of 
airborne  HF  radar.  Hellsten  states  that  the  most  efficient  use  of  transmitted  energy  requires 
the  sampling  and  data  rates  to  be  comparable  with  the  bandwidth  of  the  transmitted  pulse. 
CARABAS  uses  signal  shaping  and  limits  the  maximum  range  to  make  the  instantaneous 
bandwidth  small. 

CARABAS  was  tested  in  1992  in  Sweden  and  the  reported  range  is  10  km,  with  a 
resolution  of  2  meters.  The  CARABAS  system  has  participated  several  times  in  evaluation 
tests  in  the  United  States  under  DARPA  funding.  To  date,  hardware  malfunctions  have 
prevented  valid  data  from  being  collected,  so  the  capabilities  of  the  CARABAS  system  have 
not  been  established  as  yet. 

Multistatic  Radar  System.  In  Sweden,  Ulriksen  [Ulriksen  (1992)]  has  developed  a  five 
channel,  computer  controlled,  multistatic,  wideband  impulse  radar.  The  system  uses  five 
antennas  mounted  near  the  rear  bumper  of  a  van  for  ground  penetrating  radar.  The  antennas’ 
boresight  direction  is  parallel  to  the  normal  to  the  surface  to  eliminate  the  horizontal  range 
component  from  the  data.  The  five  antennas  are  arranged  in  the  form  of  a  push-broom 
scanner  to  increase  the  area  covered.  Data  is  acquired  from  the  antennas  in  parallel  and  the 
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image  is  generated  by  the  movement  of  the  vehicle.  The  antenna  transmission  is 
synchronized  to  avoid  interference  between  adjacent  antennas.  This  system  has  been  used  to 
survey  roads,  bridges,  and  earth  dams.  The  van  can  be  driven  at  100  km/hr,  taking  data  at  1 
meter  intervals. 

ERA  Technology.  An  overview  of  UWB  radar  technical  developments  at  ERA 
Technology  Ltd.  Leatherhead  Surrey,  United  Kingdom  during  the  early  to  mid  1980’s 
towards  a  ground  penetrating  radar  has  been  published  by  ERA  staff  [Chignall  et  al,  (1988)]. 
ERA  has  designed  and  developed  resistively  loaded  monopole  and  dipole  antennas  for  ground 
penetrating  radar  for  use  close  to  the  ground.  They  have  used  crossed,  resistively  loaded 
dipoles  to  find  buried  plastic  objects  and  resistively  loaded  monopoles  in  narrow  boreholes. 

A  time-domain  pulsed  system  was  chosen  in  order  to  try  to  separate  the  low  target  signal 
from  the  much  larger  clutter  signal.  A  pulse  is  transmitted  many  times  and  the  received 
signal  is  sampled  once  per  transmitted  pulse.  Many  transmitted  pulses  are  used  to  build  up 
the  received  waveform.  PRFs  of  up  to  1  MHz  have  been  used.  ERAs  pulse  generators  use 
an  avalanche  transistor  as  a  fast  switch  to  trigger  the  pulse.  The  receiver  consists  of  a 
nondispersive,  ultrawideband  amplifier  (20  kHz  to  7  GHz)  and  a  commercial  sampling  head. 
ERA  has  investigated  various  methods  of  signal  processing,  including  simple  energy 
detection  and  extraction  of  the  complex  natural  resonances  of  the  targets  using  Prony’s 
Method. 

ERA  has  also  developed  low  cost  impulse  generators  for  use  in  ground  penetrating 
radar  systems  [Daniels  (1993)].  They  claim  the  continuously  resistively  loaded  dipole  is 
useful  in  free  space  short  range  radar. 

Abrahamsson,  et  al.,  have  developed  a  ground  penetrating  radar  using  an  antenna  and 
radar  unit  designed  by  ERA  Technology  and  a  486  computer  mounted  on  a  jeep  [Abrahmson 
(1992)].  The  pulse  width  is  1  ns,  the  pulse  repetition  frequency  is  250  kHz,  and  the  peak 
power  is  50  W.  The  transmit  and  receive  antennas  are  crossed-dipoles  with  exponential, 
resistive  loads.  The  antennas  are  mounted  on  the  front  of  a  jeep  and  scan  across  the  path  in 
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front  as  the  jeep  moves  forward.  The  speed  of  the  jeep  is  5  km/hr.  Only  preliminary  field 
tests  have  been  performed.  Some  measurements  were  made  over  an  archaeological  site  to  try 
to  locate  walls.  In  an  anechoic  chamber,  Abrahamsson,  et  al.,  are  also  measuring  the 
impulse  response  of  some  simple  objects.  They  hope  to  use  the  characteristic  frequency 
signatures  to  identify  objects.  They  only  show  data  for  a  perfectly  conducting  sphere. 

Danials  (1994),  gives  a  tutorial  on  GPR  for  various  applications.  This  paper  is 
essentially  an  updated  an  less  technical  version  of  a  comprehensive  summary  published  in 
1989  (Danials,  1989). 

Short  Range  Subsurface  Radars.  Several  short  range  surface  penetrating  UWB  radars 
have  been  developed  by  foreign  sources.  These  systems  are  aimed  at  detecting  defects  or 
objects  within  trees  or  poles  or  behind  walls  or  floors. 

A  portable  impulse  radar  has  been  developed  for  short  range,  less  than  2  m, 
penetration  by  researchers  at  both  the  Radio  Laboratory  and  the  Laboratory  of  Applied 
Electronics,  Helsinki  University  of  Technology,  Espoo,  Finland  [Vainikainin  (1992), 
Vainikainin  (1989)]  .  A  pulse  length  of  0.2  to  0.35  ns  is  used  to  obtain  a  range  resolution  of 
3  to  5  cm  in  this  surface  penetrating  radar  system.  This  system  is  hand-held,  low  power  (8 
watts),  and  low  weight  (3  kg).  The  transmitter  has  two  possible  impulse  lengths,  0.2  ns  for 
detecting  dry  objects  and  0.5  ns  for  detecting  wet  objects.  The  PRF  is  about  1  MHz.  The 
antennas  are  modified  unsymmetric  TEM  horns  filled  with  a  lossy  dielectric  (PVC).  The 
antennas  were  designed  to  be  small  and  reduce  ringing.  Frequency  of  operation  is  1-4  GHz. 
The  sampling-type  receiver  uses  a  schottky  diode  bridge  as  a  sampling  gate  for  a  gate  time  of 
less  than  0.2  ns.  The  noise  level  of  the  receiver  is  limited  by  the  ringing  of  the  antennas  at 
short  ranges.  A  single  board  AT-compatible  computer  controls  the  data  collection  and  signal 
processing.  This  battery  operated  portable  system  weighs  about  10  kg.  The  system  has  been 
used  to  distinguish  between  rotten  parts  of  a  telephone  pole  and  the  front  and  back  edges  of  a 
pole.  This  radar  has  also  been  used  to  examine  walls  and  floors  in  buildings. 
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Olver  and  Cuthbert  [Olver  (1988)]  have  described  the  use  of  frequency  modulated 
carrier  wave  (FMCW)  radar  for  short  range  detection  of  objects  hidden  behind  walls  and 
floors. 

Subsurface  Impulse  Imaging  Radar  (SIIR).  Researchers  at  the  Changchun  Institute  of 
Geography,  Academia  Sinca,  Chang  Chun,  People’s  Republic  of  China,  have  developed  an 
impulse  imaging  radar  for  subsurface  applications  that  can  be  dragged  along  the  ground  by 
hand  or  pulled  by  a  truck  [Junrong  (1992)].  Junrong  et  al.  have  developed  a  Subsurface 
Impulse  Imaging  Radar  (SIIR)  that  uses  a  transmitting  pulse  repetition  frequency  of  100  kHz, 
5  ns  pulse  width,  and  150  V  double-direction  pulse  amplitude.  The  antenna  is  a  bow-tie 
dipole  style.  Each  dipole  is  a  copper  triangle  600  mm  long,  300  mm  wide,  and  1  mm  thick. 
An  IBM  PS/2  30  computer  controls  the  data  collection  and  signal  processing  with  the  help  of 
a  Z80  microprocessor.  The  system  has  been  used  to  probe  metal  and  non-metal  pipes 
underground  and  the  profile  of  a  lake  bed. 

Other  Foreign  Subsurface  Radars.  Cambridge  Consultants  Ltd.  (CCL)  Cambridge, 
United  Kingdom  has  developed  several  surface  and  subsurface  impulse  radar  systems 
[Oswald  (1988)].  CCL  has  developed  a  helicopter-mounted  system  for  measurement  of  sea- 
ice  thickness,  a  trolley-mounted  system  for  surface  measurements,  and  a  borehole  system  for 
measuring  mineral  seam  boundaries. 

In  the  United  Kingdom  impulse  radar  is  being  built  and  tested  as  a  means  for  non¬ 
destructive  testing  of  concrete  slabs  and  in  highway  construction  [Baston-Pitt  (1992]. 

Impulse  radar  can  be  used  to  test  the  density,  thickness,  and  steel  placement  within  the 
concrete.  Impulse  radar  is  routinely  used  to  examine  hidden  defects  within  structures 
[Henderson  (1990]. 

Zhang  of  China  has  also  developed  a  carrier  free  impulse  subsurface  radar.  The 
system  uses  a  gaussian  pulse  with  a  pulse  width  of  2.6  ns,  rise  time  of  1.9  ns,  a  repeating 
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frequency  of  200  kHz,  and  amplitude  of  100  volts  to  examine  underground  targets  [Zhang 
(1989)]. 

Researchers  from  NTT  Electrical  Communications  Laboratories,  Nippon  Telegraph  and 
Telephone  Corporation,  Tokyo,  Japan  have  developed  a  wideband  microwave  holographic 
method  for  imaging  buried  objects  [Osumi  (1989)]. 

Researchers  at  McMaster  University  and  the  Ontario  Ministry  of  Transportation, 
Canada  have  developed  an  impulse  radar  for  evaluating  asphalt  covered  bridge  decks  [Chung 
(1992)].  A  stepped-frequency  ground  penetrating  radar  has  been  developed  by  a  joint 
Canadian  and  Japanese  research  team  [Iizuka  (1984)]. 
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10.2  SAR  Processing  of  Underground  Targets 


A  number  of  recent  papers  have  discussed  SAR  processing  of  underground  target  data 
for  both  two-dimensional  and  three-dimensional  images.  The  emphasis  in  most  of  these 
papers  has  been  on  the  effects  of  non-homogeneous  ground  properties  on  the  imaging 
process,  and  methods  of  mitigating  for  unknown  and  variable  underground  wave  propagation 
velocities  (due  to  ground  dielectric  constant  and  loss  tangent  variations  for  GPR  systems). 

One  should  note  that  the  so-called  “migration”  processing  employed  to  generate  2-D  or 
3-D  seismic  imagery  is  often  mathematically  equivalent  to  2-D  or  3-D  SAR  processing  of 
GPR  imagery.  Many  recent  authors  have  recognized  this,  and  have  written  papers  which 
apply  to  either  seismic  or  GPR  image  processing. 

Some  recent  papers  of  this  nature  have  been  several  by  Fisher  et.al  (1992)  who 
describe  2-D  reverse-time  migration  of  impulse  GPR  data  (a  process  exactly  equivalent  to 
2-D  SAR  processing  of  down-looking  GPR  data). 

A  paper  by  Schleicher,  et.al.  (1993)  describe  3-D  migration  for  arbitrary  underground 
velocity  profiles,  included  variations  in  x,  y,  and  z  coordinates. 

A  paper  by  Lee,  et.al.  (1993)  describes  a  partially  coherent  migration  process  which 
attempts  to  compensate  for  errors  in  the  underground  velocity  model  used  for  the  processing. 

A  paper  by  Spagnolini  (1993)  discusses  2-D  phase  unwrapping  and  phase  aliasing,  a 
process  that  is  required  when  the  data  sample  spacing  is  too  large  relative  to  the  target  signal 
variations.  This  form  of  processing,  for  example,  may  be  required  for  the  track-to-track 
processing  of  the  airborne  GPR  data  to  generate  the  3-D  imagery. 

A  paper  by  Daniels,  et.al.  (1993)  describes  3-D  GPR  imaging  of  geophysical  targets 
and  the  need  for  appropriate  3-D  visualization  software  in  order  to  correctly  interpret  the  imagery. 
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A  paper  by  Casper,  et.al.  (1993)  describes  the  use  of  software  developed  for  2-D 
seismic  migration  to  generate  2-D  GPR  imagery  for  a  ground  medium  that  is  inhomogeneous 
in  both  depth  and  the  along-track  direction. 

Roberts  and  Daniels  (1991)  describe  a  technique  for  the  use  of  bistatic  GPR  data  to 
recover  the  velocity  versus  depth  profile  directly  from  the  radar  data. 

McCorkle  and  Nguyen  (1994)  describe  a  2-D  SAR  imaging  approach  for  dispersive 
targets,  that  is  targets  whose  scattering  is  frequency  dependent. 


232 


10.3  Symposia  and  Reviews 


Various  GPR-related  symposia  have  been  conducted  recently  covering  a  variety  of 
subjects.  Some  of  these  are  directly  related  to  UXO  and/or  mine  detection,  others  are 
oriented  primarily  toward  geophysical  applications,  and  still  others  toward  wideband  radar 
technology  in  general. 

These  include  the  EPA  and  Ohio  State  University  Advanced  Ground  Penetrating  Radar 
Technologies  and  Applications  workshops  held  in  October  1992,  1993,  and  1994.  Papers 
presented  at  these  workshops  have  primarily  a  geophysical  target  orientation,  although  GPR 
technology  in  general  is  also  discussed.  The  papers  presented  at  these  workshops  are 
published  as  workshop  proceedings. 

The  international  conference  on  GPR  held  in  1990,  with  abstracts  only  published  in 
conference  proceedings.  Again,  these  conferences  are  heavily  oriented  toward  geophysical 
applications. 

The  SPIE  conferences  on  ultra-wideband  radar  in  1992,  ultra-high  resolution  radar  in 
1993,  in  1994,  and  mine  detection  to  held  in  April  1995.  These  conferences  are  oriented 
toward  ultra- wideband  radar  technology  in  general  including  foliage  penetration,  GPR,  mine 
detection,  and  a  variety  of  other  non-GPR  applications.  Most  of  the  hardware  related  papers 
and  many  of  the  signal  and  data  processing  related  papers  are,  however,  directly  relevant  to 
GPR  radar  systems.  Papers  presented  at  these  conferences  are  published  by  the  SPIE  in 
conference  proceedings. 

A  conference  specifically  oriented  toward  UXO  detection  and  range-remediation  was 
held  in  May,  1994.  A  proceedings  containing  the  papers  presented  has  been  published. 
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Several  recent  reviews  of  GPR  technology  have  also  been  published.  One  is  a  general 
review  of  sensor  technology  for  ordnance  and  explosive  waste  detection  and  location  by  JPL 
(1994)  in  which  GPR’s  are  discussed  as  well  as  a  variety  of  other  sensors. 

Another  is  a  GPR  specific  technology  review  by  Lincoln  Lab  (1994)  which  reviews 
GPR  systems,  soil  parameter  measurements,  signal  processing,  waveform  design, 
phenomenology  and  modeling  including  subsurface  tomography  from  boreholes,  and  some 
shuttle  imaging  radar  results. 
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11.0  Airborne  Platform 


During  the  course  of  this  effort,  several  airborne  platform  candidates  have  been  considered. 
The  most  viable  candidate  continues  to  be  a  helicopter  because  of  its  large  payload  capacity, 
on-board  power,  and  position  control.  The  other  candidates  considered  include  a  hot  air 
balloon,  a  dirigible,  and  a  cherry-picker.  These  options  are  discussed  briefly  below.  The 
platform  of  choice  is  the  UH-1  helicopter.  Others  are  seriously  considered  only  as  test 
platforms. 


11.1  UH-1  Helicopter 

During  May  and  June  1994  we  had  discussions  with  the  Ohio  Air  National  Guard  about  the 
possibility  of  using  one  of  their  helicopters  as  a  test  vehicle.  We  talked  with  Lt.  Col.  Lynn 
Coriell,  the  head  of  the  Ohio  Air  National  Guard  (ANG)  and  Major  Craig  Ceneskie,  the 
flight  operations  officer.  They  were  both  extremely  cooperative.  We  visited  Rickenbacker 
Air  National  Guard  Base  near  Columbus,  visited  with  the  Army  pilots  stationed  there,  and 
viewed  the  UH-1  helicopter.  The  pilots  were  enthusiastic  about  participating  in  the  program 
because  it  would  be  a  break  from  their  usual  jobs  as  pilot  trainers. 

We  met  with  the  ANG  in  February  1995  on  another  program.  Craig  Ceneskie  is  now 
Lt.  Col.  Ceneskie  and  is  the  commander  of  the  ANG.  He  remain  extremely  cooperative. 
We  are  working  with  the  ANG  to  get  mounting  details  arranged  and  initial  flight  tests 
scheduled.  Everyone  at  the  ANG  is  anxious  to  help  us  in  this  effort. 

The  aircraft  themselves  seem  to  be  sufficiently  large  to  house  the  electronics  we 
anticipate  using.  The  on-board  electric  power  seemed  adequate  but  without  knowing  the 
equipment  we  would  use,  we  cannot  finalize  that  arrangement.  The  National  Guard 
furnished  us  with  an  operations  manual  that  specifies  flight  profiles,  weights,  and  available 
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power.  The  Guard  must  approve  a  long  vertical  dipole  antenna, .  These  helicopters  have  an 
alternative  strut  structure  that  is  four  feet  high.  This  strut  provides  an  extra  measure  of 
versatility  We  are  not  sure  what  kinds  of  approvals  we  need  to  obtain  to  mount  an  antenna 
structure  below  the  aircraft.  A  line  drawing  of  the  helicopter  is  shown  in  Figure  135. 

11.2  Hot  Air  Balloon 

As  an  alternative  aircraft  for  testing,  we  have  been  in  communication  with  Col.  Steve 
Watson  at  Hill  Air  Force  Base  in  Utah.  His  unit  performs  atmospheric  experiments  using  a 
hot  air  balloon  with  a  600  pound  load  limit.  Col.  Watson  is  interested  in  participating  in  our 
program.  Generally,  they  hang  a  generator  below  the  balloon  basket.  Because  of  our 
relatively  low  altitude  requirements,  we  could  possibly  run  an  extension  cord  to  the  basket. 
Our  antenna  would  be  mounted  below  the  balloon.  They  control  the  balloon  position  by 
tethering  it  above  a  truck  that  is  driven  slowly. 

11.3  Dirigible 

We  are  aware  of  a  dirigible  (self-powered)  similar  to  the  commercial  blimps  frequently 
used  by  television  for  coverage  of  sporting  events.  Such  a  self-controlled  platform  could  be 
useful  to  us  for  testing  without  the  expense  and  difficulties  involved  with  using  a  helicopter. 
As  of  December  1994,  we  are  still  attempting  to  obtain  more  information  on  this  platform. 
This  platform  is  being  considered  as  a  test  platform  and  not  the  final  platform  of  choice. 

11.4  Cherry-Picker 

In  a  separately-funded  but  related  effort,  Battelle  and  ESL  personnel  participated  in  the 
UXO  detection  and  remediation  demonstrations  at  Jefferson  Proving  Ground  in 
September  1994.  We  employed  a  step-chirped  radar  that  will  probably  be  used  in  the 
airborne  system.  Because  of  time  and  budget  limitations,  we  were  not  able  to  use  a 
helicopter.  Instead,  we  employed  a  14  ton,  self-propelled  cherry-picker  capable  of  raising 
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Figure  135  Line  drawing  of  the  UH-1  helicopter. 
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our  antennas  to  66  feet  above  the  surface.  The  equipment  was  driven  down  a  road  adjacent 
to  the  80  acre  airborne  test  site.  Figure  136  shows  the  antennas  that  were  mounted  on  the 
cherry-picker  bucket.  These  antennas  were  built  by  ESL  for  foliage  penetration  efforts. 

Their  nominal  response  is  between  100  and  700  MHz.  Figure  137  shows  the  equipment 
being  driven  down  the  road  with  the  antennas  60  feet  high.  The  white  trailer  behind  the 
cherry-picker  housed  the  computers  and  most  of  the  radar.  We  are  still  processing  the 
results.  We  captured  data  with  the  antennas  at  40,  50,  and  60  feet  above  the  surface.  We 
believe  that  our  experiences  at  this  demonstration  will  reap  significant  benefits  for  this 
program. 

The  antennas,  shown  in  Figure  136,  cannot  be  helicopter  mounted,  but  they  provided 
practical  experience  with  the  operation  of  such  a  system  to  obtain  real  data. 

We  operated  this  radar  with  a  high  resolution  GPS  unit  mounted  on  the  bucket  with  the 
radar  antennas,  in  order  to  find  the  precise  location  of  the  antennas  as  the  system  moved 
down  the  road.  We  found  that  harmonics  of  the  transmitted  signal  were  interfering  with  the 
GPS  system  about  half  the  time  (depending  on  exact  position  of  the  relay  satellites).  Thus, 
we  see  a  need  for  tracking  filters  on  the  radar  transmitter  as  well  as  on  the  receiver.  During 
the  next  phase  of  this  effort,  we  have  plans  to  purchase  and  install  such  tracking  filters.  An 
analysis  of  the  GPS  problems  are  included  in  Appendix  B  of  this  document. 

The  sensitivity  of  the  system  was  sufficient  for  targets  on  or  near  the  surface  at  ranges 
less  than  1000  feet.  Future  systems  with  more  transmit  power,  and  with  additional  filtering 
on  the  receiver,  will  allow  for  sensing  at  greater  distances  and  with  greater  target  depth. 

The  system,  as  implemented,  still  created  some  interference  at  TV  broadcast 
frequencies.  A  revised  system  control  program,  which  turns  off  both  the  transmitter  and  the 
receiver  in  those  bands,  will  be  used  in  the  future  to  alleviate  this  problem.  This  revised 
system  will  be  used  in  the  second  phase  of  this  program. 
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le  antennas  mounted  on  the  cherry-picker  bucket  at  Jefferson  Proving  Ground. 


Figure  137  The  cherry-picker  extended  to  60  feet  above  the  surface  at  the  Jefferson  Proving 
Ground  demo.  The  saucer-shaped  GPS  antenna  is  on  a  pole  above  the  bucket. 
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12.0  Summary 


This  report  contains  results  of  this  two-year  study  in  which  Battelle  and  The  Ohio  State 
University  ElectroScience  Laboratory  investigated  nearly  every  anticipated  aspect  of  flying  an 
airborne  ground  penetrating  radar  built  for  the  purpose  of  detecting  buried  unexploded 
ordnance.  The  main  areas  of  work  included  a  literature  search,  a  trade-off  study  of  radar 
architectures,  modeling  of  synthetic  aperture  radar  processing  for  this  application,  an 
examination  of  antenna  candidates,  and  an  investigation  of  potential  improvements  to  the 
complex  natural  resonance  target  identification  technique.  ESL  also  did  extensive  testing  on 
inert  ordnance  items  provided  by  NAVEODTECHDIV. 

During  this  study  we  identified  and  concentrated  on  the  seven  critical  technologies 
necessary  for  a  successful  system.  These  technologies  are  listed  in  Table  14. 

We  remain  convinced  that  an  airborne  GPR  can  successfully  locate  buried  ordnance. 
Table  15  provides  a  list  of  the  obstacles  necessary  for  a  successful  system  and  our  approach 
to  overcoming  those  obstacles. 

The  program  changed  course  away  from  spending  effort  on  the  design  of  receivers 
because  the  second  phase  would  concentrate  on  demonstrating  technology.  There  are 
currently  no  plans  to  build  receivers.  Still,  the  results  of  the  design  efforts  are  included  in 
this  report. 

We  have  continued  to  keep  on  top  of  the  latest  hardware  developments  with  some 
notable  advances  in  pulsed  sources  and  analog-to-digital  converters.  We  have  examined  the 
time  domain/frequency  domain  question  from  several  points  of  view  and  continue  to  evaluate 
the  receiver  architecture  in  light  of  these  studies  and  potential  new  hardware. 
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Table  14  Technologies  Critical  to  the  Success  of  Airborne  GPR. 


Technologies  Critical  to  a  Successful 

Airborne  GPR  for  UXO  Detection 

Target/Clutter 

Discrimination 

The  ability  to  discriminate  between  clutter  and  targets  is 
essential  to  providing  an  acceptable  false  alarm  rate.  This 
requirement  is  fundamental  to  the  design  (it  drives  the 
frequency  requirements)  and  cannot  be  added  later. 

3-D  SAR  Processing 

3-D  SAR  Processing  serves  three  purposes.  It  decreases 
resolution  cell  size  to  increase  probability  of  separating  clutter 
and  targets  into  separate  cells.  It  provides  more  accurate  target 
position  information.  It  decreases  the  effects  of  RFI. 

High  Update-Rate 
Differential  GPS 

GPS  position  information  to  1 0  cm  accuracy  is  required  with 
update  rates  of  about  20  per  second.  This  information  at  this 
high  rate  is  necessary  for  proper  SAR  processing  in  a  moving 
aircraft.  The  high-accuracy  GPS  data  also  allows  precise  target 
positioning  information. 

Ultrawide  Bandwidth 
(50  MHz  to  1  GHz) 

Wide  bandwidth  provides  range  resolution  into  the  ground  and 
allows  the  complex  natural  resonances  of  different  size  targets 
to  be  used  as  discriminants.  The  use  of  energy  down  to 

50  MHz  allows  reasonable  penetration  into  many  types  of  soil. 

Receiver  Speed 

This  requirement  is  a  result  of  using  a  moving  aircraft  and  the 
requirement  for  clearing  large  amounts  of  land  in  minimal  time. 

A  frequency-domain  system  must  be  able  to  step  in  frequency 
very  fast  with  a  high  data  rate  receiving  system.  Similarly,  a 
high  PRF  impulse  source  with  a  high  throughput  receiver  is 
essential. 

Adaptive  Processing  for 
Inhomogeneous  Soils 

Variation  of  ground  dielectric  constants  and  loss  with  both 
depth  and  location  can  result  in  the  inability  to  correctly  focus 
buried  targets  by  SAR  processing.  Processing  methods  capable 
of  compensating  for  this  issue  are  required. 

High  Dynamic  Range 
Analog -to-Digital 
Converters 

A  high  dynamic  range  A/D  is  required  (14-16  bits  is  the  current 
estimate)  because  of  low-level  return  from  buried  targets  in  the 
presence  of  the  high  surface  return.  The  dynamic  range 
requirement  is  not  independent  of  the  receiver  speed 
requirement.  Both  capabilities  must  be  present. 

Analog  Signal  Processing 
Antenna 

The  antenna  can  help  in  reducing  the  surface  return  from 
directly  below  the  aircraft  and  in  reducing  the  RFI  level. 

We  have  been  communicating  with  The  Ohio  State  University  Center  for  Mapping 
about  global  positioning  system  information  that  will  be  necessary  for  both  the  short-term  and 
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Table  15  Obstacles  to  the  Airborne  GPR  Solution. 


Obstacle 

Details 

Solution 

Instrumenting 

Helicopter 

No  team  experience  with  interference, 
vibration,  EMI  environment,  etc  aboard 
helicopter. 

Will  work  with  experienced  groups,  use 
proper  mounting  techniques 

GPR  Interference  with 
GPS 

Do  not  know  if  our  high  power  GPR 
signals  will  interfere  with  sensitive  GPS 
receivers. 

GPS  operates  at  higher  frequencies.  Will 
skip  problem  frequencies  where  harmonics 
cause  problems. 

RFI 

Radio  frequency  interference  in  our 
frequency  band  causes  significant 
problems  especially  if  we  use  a  time 
domain  receiver. 

Can  skip  over  problem  frequencies  with  a 
frequency  domain  system.  Antenna 
configuration  and  SAR  processing  will 
reduce  RFI's  effects. 

Dynamic  Range 
Requirements 

Challenging 

Because  of  the  anticipated  large  return 
from  the  surface  and  the  anticipated  small 
return  from  buried  ordnance  items,  we 
require  a  large  but  not  yet  quantified 
dynamic  range. 

System  dynamic  range  is  one  of  the 
primary  drivers  in  the  evaluation  of 
candidate  receiver  architectures.  Must  go 
with  frequency  domain  system. 

Surface  Return 

No  researchers  have  quantified  the  range 
of  amplitudes  that  we  can  expect  at  our 
frequencies. 

Obtained  some  data  during  1 994  JPG 
trials  but  more  data  necessary. 

Large  Relative  Surface 
Return 

Cannot  quantify  surface  return  amplitude 
at  this  time  but  we  know  that  it  must  be 
minimized. 

Antenna  configuration  can  reduce  specular 
return  from  directly  below  the  aircraft, 
generally  the  worst  case. 

Receiver  Speed 

Currently  used  stepped  chirp  systems 
slow,  transient  digitizer  have  slow 
throughput  rates. 

Receiver  speed  is  a  primary  driver  of  radar 
architecture.  We  know  which  candidate's 
technology  can  be  pushed. 

Unanticipated  Problems 
with  Airborne  GPR 

When  we  go  airborne,  we  know  that 
some  unanticipated  problems  will  arise. 

Early  in  Phase  2,  we  should  build  and  test 
a  short-term  brassboard  prototype  in  a 
helicopter  before  we  make  the  decision  on 
the  final  configuration. 

Ground  Effects 

Refraction  effects  from  high  dielectric 
constants  and  losses  cause  problems. 

Soil  inhomogeneities  cause  problems 

Must  choose  proper  antenna  geometry 
and  go  to  higher  powers  for  some  soils. 
Examine  adaptive  processing  techniques 
to  compensate  for  this  problem  using 
seismology  techniques. 

Clutter 

The  surface  and  other  objects  in  the 
ground  will  limit  our  detection.  We  will  be 
clutter-limited  and  not  noise-limited.  Need 
to  separate  target-like  clutter  from  UXO 
targets. 

SAR  processing  will  help  separate  UXO 
targets  and  clutter  into  distinct  resolution 
cells.  Resolution  voxel  size  determined  by 
synthetic  aperture  size  and  returned  signal 
bandwidth.  CNR  techniques  will  also 
decrease  clutter  effects. 
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long-term  demonstration  systems.  They  were  funded  on  a  separate  effort  to  evaluate 
potentially  useful  navigation  systems.  The  results  of  their  efforts  are  included  in  this  report. 

We  feel  confident  that  our  approach  to  this  difficult  problem  is  sound  and  that  our 
focused  and  deliberate  investigation  provides  the  path  with  the  highest  probability  of  success. 
We  are  on  schedule  with  the  results  that  were  planned  in  the  earliest  stage  of  the  program. 
While  significant  obstacles  are  present,  we  anticipate  them,  we  feel  that  we  understand  their 
implications,  and  we  see  solutions  to  the  problems  they  represent. 

The  selection  of  an  appropriate  antenna  type  and  polarization  remains  a  very  complex 
issue.  In  addition  to  minimizing  the  antenna  ringing  and  maximizing  the  efficiency  by 
appropriate  antenna  configurations  and  matching,  several  systems  issues  are  driven  by  the 
antenna  type  used.  These  issues  involve  the  achievable  system  dynamic  range,  the  efficacy 
and  sub-clutter  visibility  attainable  by  SAR  processing,  and  the  detection  probabilities  of 
specific  UXO  targets. 

There  are  two  dominant  and,  unfortunately,  conflicting  requirements  driving  the 
antenna  choice.  One  requirement  is  the  large  surface  clutter  return  from  directly  below  the 
vehicle.  It  is  desirable  to  reduce  this  clutter  return  as  much  as  possible  prior  to  digitizing  the 
received  data.  This  requirement  leads  to  consideration  of  antennas  such  as  vertically 
polarized,  horizontal  monopulse,  horizontal  crossed  dipoles,  etc.  All  of  these  antennas 
generate  a  null  directly  below  the  aircraft,  thus  reducing  the  surface  clutter  and  improving 
the  available  system  dynamic  range.  The  second  dominant  factor  influencing  the  antenna 
choice  is  the  refraction  associated  with  the  air-ground  interface.  Energy  incident  on  the 
ground  from  the  entire  upper  hemisphere  is  refracted  into  a  conical  region  about  the  vertical 
with  a  half-angle  of  19°  (or  less  depending  upon  the  ground  dielectric  constant).  Similarly, 
energy  scattered  from  an  underground  target  that  lies  outside  this  19°  vertically-centered 
cone,  is  simply  reflected  back  into  the  ground  at  the  ground-air  interface  and  never  returns  to 
the  receiver.  As  a  result  of  this  refraction,  from  the  viewpoint  of  maximizing  the  effective 
aperture  and  the  resultant  sub-clutter  visibility  and  target  resolution  attainable  by  SAR 
processing,  it  is  desirable  to  have  the  maximum  energy  from  the  antenna  directed  primarily 
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downward  rather  than  to  the  side.  For  an  antenna  with  a  beam  maximum  at  a  large  angle 
from  the  vertical,  data  collected  over  a  large  aperture  in  space  may  not  result  in  useful 
imagery  when  SAR  processed,  if  the  angular  range  over  which  the  target  is  viewed  in  the 
soil  is  compressed  to  a  few  degrees  near  the  outer  edge  of  the  refraction  cone. 

Analytical  trade-offs  of  these  factors  have  been  made.  However,  due  to  the  lack  of 
viable  data  on  the  surface  clutter  magnitude,  surface  roughness  effects  (on  both  the  surface 
clutter  and  the  refraction),  and  the  effects  of  airborne  platform  angular  motions,  experimental 
data  will  be  required  to  resolve  these  issues. 

As  of  the  writing  of  this  report  at  the  end  of  this  Phase  1  effort.  Phase  2  is  beginning. 
Under  this  second  phase,  we  will  be  instrumenting  a  helicopter  with  the  GPR  and  GPS 
systems  and  taking  GPR  data  from  the  airborne  platform.  Because  of  the  previously- 
mentioned  lack  of  data  on  surface  clutter  effects  and  because  of  other  issues,  we  will  also 
perform  the  following  tasks 

1.  Fly  both  vertical  polarization  and  horizontal  polarization  antennas  over  known 

subsurface  calibration  targets,  to  resolve  antenna  and  look-angle  issues. 

2.  Collect  surface  clutter  data  using  both  polarizations,  over  the  frequency  range  of 

interest. 

3.  Examine  ways  to  eliminate  transmit/receive  antenna  coupling  for  the  ESL  radar 

(i.e.,  long  pulse,  etc.). 

4.  Examine  ways  to  increase  the  ESL  radar  data  rates. 

While  we  have  not  resolved  all  of  the  issues  associated  with  our  primary  task,  we  are 
measurably  closer  to  achieving  a  useful  airborne  system.  We  look  forward  to  the  second 
phase  of  this  program  and  the  challenges  it  presents. 
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13.0  Appendices 


13.1  Appendix  A:  Numerical  Modeling  of  UXO's  and  CNR  Extraction 

In  this  appendix,  theoretical  results  based  on  the  numerical  modeled  UXO’s  are  presented. 
The  backscattered  fields  from  these  UXO’s,  calculated  assuming  plane-wave  incidence  are 
then  calculated  in  free  space  using  moment  method  code  for  bodies  with  symmetry  of 
revolution.  The  impulse  responses  are  then  obtained  by  applying  the  inverse  Fourier 
transform  to  the  frequency-domain  data.  These  time-domain  data  sets  are  then  processed 
using  the  CNR  extracting  algorithm  discussed  in  Section  6.0  to  find  the  CNR’s  for  each 
UXO.  All  the  non-conjugated  CNR’s  and  insignificant  CNR’s  below  the  chosen  threshold 
have  been  removed. 
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13.2  GPS  Error  Analysis 
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GPS  Positioning  and  GPR  Interference  during  the  GPS/GPR  airborne  experiments 

at  Jefferson  Proving  Ground. 

Differential  GPS  daia  was  collected  for  approximately  12  hours  over  two  days  (09/19/94, 
09/20/94).  The  data  was  collected  at  a  1  Hz  rate  as  the  vehicle  on  which  the  GPR  was 
mounted  was  moving  at  approximately  0.27  ft/sec.  This  daia  was  processed  using  CFM 
GPS  software  to  determine  the  vehicle's  motion.  The  requirement  is  for  -0.07m 
positioning  of  the  GPR  in  quasi  real-time.  The  data  discussed  here  is  for  the  last  3.5  hour 
period  on  09/20/94. 

The  GPS  satellites  transmit  signals  at  two  frequencies,  LI  and  L2.  Very  accurate  (cm- 
level)  differential  positioning  can  be  achieved  with  only  a  few  epochs  of  data  using  double 
difference  widelane  observables  (L1-L2)  from  the  LI  and  L2  earner  phase  observations 
for  epochs  when  four  or  more  satellites  are  available.  The  GPS  receiver  tracks  the  LI 
signal  more  easily  than  the  lower  power  L2  signal.  If  only  LI  data  is  available,  it  is  more 
difficult  and  takes  longer  (5-15  minutes),  to  determine  the  carrier  phase  ambiguities 
required  for  very  accurate  differential  processing.  If  LI  and  L2  data  is  available  for  at 
least  four  satellites,  very  accurate  positioning  can  be  achieved  in  quasi  real-time,  within  a 
few  epochs  of  data. 

Figure  1  shows  the  motion  of  the  satellites  during  the  time  of  the  experiment.  The 
concentric  circles  represent  the  constant  elevations,  0, 30,  60  and  90  degrees,  and  the 
azimuth  is  indicated  circularly  about  the  center  of  the  graph.  Only  satellites  with  an 
elevation  >  5  degrees  are  indicated  on  this  graph  as  those  with  elevations  <  5  degrees  are 
excluded  from  the  processing.  The  signals  from  low  elevation  satellites  have  relatively 
large  errors  as  the  signals  navel  larger  distances  through  the  noposphere  and  ionosphere. 
From  Figure  1  it  can  be  seen  that,  at  any  time  during  the  experiment,  6-8  satellites  have 
elevations  >  30  degrees.  This  is  sufficient  in  order  to  obtain  high  accuracy  GPS  results. 

The  quality  of  the  GPS  data  collected  during  this  experiment  was  unexpectedly 
poor.  For  a  large  number  of  the  epochs  throughout  the  duration  of  the  experiment,  the  L2 
data  and,  in  many  cases,  even  the  LI  data,  is  missing.  For  many  epochs,  even  though  6-8 
satellites  are  available,  less  than  four  have  L2  data  and  the  accurate  widelane  processing 
cannot  be  performed.  The  data  was  processed  on  the  basis  of  the  LI  data,  as  described 
below. 

Figures  2  and  3  show  the  variation  in  the  PDOP  during  the  time  of  the  experiemenL  The 
PDOP  relates  to  the  geometry  of  the  satellites  and  varies  in  a  regular  fashion  as  this 
geometry  changes.  Figure  2  shows  the  expected  PDOP  calculated  from  the  satellite 
orbits.  Figure  3  shows  the  PDOP  calculated  from  the  satellites  used  in  the  processing,  i.e., 
those  satellites  for  which  LI  data  is  available.  The  spikes  in  Figure  3  occur  when  satellites 
arc  missing  LI  data  and  the  geometry  of  the  satellites  used  in  the  processing  has  been 
altered.  This  PDOP  can  be  compared  with  the  output  of  the  processing  to  determine  the 
affect  of  missing  LI  data. 
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Figures  4  through  12  show  the  results  of  processing  using  only  the  available  LI  data  for 
the  3.5  hour  period  at  the  end  of  the  data  collection  on  09/20/94. 

Figures  4,  5,  6  show  the  change  in  position  (veiocicv)  berween  consecutive  epochs  for  the 
east,  north  and  up  directions.  For  epochs  for  which  less  than  four  satellites  have  LI  data, 
the  velocity  was  not  computed  and  le+20  substituted  for  velocity  in  the  velocity  data  file. 
These  missing  velocities  appear  as  pairs  of  clipped  vertical  lines  in  the  plots.  It  can  be 
seen  that  there  are  many  epochs  for  which  less  than  four  satellites  are  available. 

Comparing  the  velocities  in  Figures  4,  5.  6  with  the  PDOP  in  Figure  3,  it  can  be  seen  that 
the  velocity  values  are  incorrect  when  there  is  a  spike  in  the  PDOP.  So,  low  accuracy 
measurements  of  velocity  are  removed  by  rejecting  velocities  for  which  the  PDOP  is  > 
2_5.  The  velocity  for  these  epochs  and  for  the  epochs  with  less  than  four  satellites  with  LI 
data  are  estimated  by  linear  interpolation.  The  results  of  these  are  shown  in  Figures  7, 8, 
9.  In  these  plots,  the  velocity  measurements  are  much  less  noisy. 

The  corresponding  distances  moved  by  the  vehicle  in  the  east,  north  and  up  directions, 
derived  by  integrating  the  velocities  in  the  corresponding  directions,  were  plotted  in 
Figures  10,  11,  12.  These  show  the  general  motion  of  the  vehicle  from  its  initial  stationary 
position.  The  time  at  which  the  motion  starts  can  be  seen  as  the  time  at  which  the  distance 
changes  and  at  which  the  velocity  in  the  north  direction  (Figure  8)  changes. 

The  interruption  of  the  LI  signal  is  caused  by  interference  with  the  signal  from  the 
GPR.  The  GPS  frequencies  are  LI  at  1575.42  MHz  and  L2  at  1227.6  MHz.  The  GPS 
signals  are  within  +/-  10  MHz  of  the  third  harmonics  of  the  GPR  transmission.  This 
interference  is  dependent  only  on  the  direction  of  the  GPR  signal  in  relation  to  the  GPS 
signal  and  can  interfere  with  signals  from  high  elevation  satellites,  for  which  the  GPS  data 
should  otherwise  be  of  good  quality.  The  GPR  was  transmitting  in  the  East- West 
direction  and,  examining  the  GPS  data  from  the  receiver  mounted  with  the  GPR  data, 
satellites  16  and  17  moving  from  West  to  East  (see  Figure  1)  lose  their  LI  and  L2  data 
more  often  than  other  satellites.  A  more  detailed  analysis  of  the  GPR  antenna  partem  and 
its  relation  to  the  direction  of  the  satellites  which  have  been  interfered  with,  will  provide 
additional  insight  into  the  GPS/GPR  interference. 

The  plots  in  Figures  7  through  12  show  that  an  average  velocity  and  corresponding 
distance  can  be  determined  despite  the  noise  in  the  data.  This  is  not  adequate  to  provide 
high  accuracy  results.  In  order  to  achieve  high  accuracy  positioning,  the  GPR  should  be 
equipped  with  filters  to  eliminate  the  interfering  frequencies. 
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Figure  7  Velocity  (East)  -  Interpolated 
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Figure  8  Velocity  (North)  -  Interpolated 
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Figure  9  Velocity  (Up)  *  Interpolated 
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